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Abstract 
The Old Ausable River Channel (OARC) is located parallel to the shoreline of Lake 
Huron between the towns of Grand Bend and Port Franks, Ontario, Canada.  Largely 
isolated from other water bodies, OARC water levels are mostly maintained by shallow 
groundwater.  It is periodically in a state of eutrophication; a state commonly attributed to 
local anthropogenic nitrate loading.  The primary goal of this work is to identify and 
quantify the sources of nitrate in the OARC watershed by measuring the oxygen and 
nitrogen isotope compositions of nitrate. 
We have developed a dual method approach to measure the δ15N, δ18O and Δ17O of 
nitrate at low concentrations.  This approach is necessary to fully correct for mass 
interferences, scale compression, and oxygen isotope exchange with water.   
We measured the spatial and temporal variations of nitrate isotopic compositions and 
concentrations within, and contributing to, the OARC watershed waters and precipitation 
in a multi-year monthly sampling and analysis program.  We use these data and Bayesian 
modeling techniques to quantify nitrate source contributions to the OARC and the 
adjacent ground waters.  We show that the Northeastern portion of the river channel is 
contaminated by septic effluent.  Nitrate produced in the atmosphere is the single largest 
source of nitrate in the central portion of the OARC; these results highlight the potential 
importance of regional transport of anthropogenic nitrate.  The Southwestern portion of 
the OARC exhibits elevated atmospheric nitrate loading but receives a periodic influx 
from the Ausable River Cut water that is contaminated by agricultural run-off.  These 
results can be used to guide watershed management, in particular, of wastewater effluent 
in Grand Bend and wastewater treatment in Pinery Provincial Park.   
We compared nitrate isotopes in precipitation from Pinery Provincial Park and London, 
Ontario.  Nitrate nitrogen isotope compositions at both sites overlapped known ranges for 
vehicular-emitted NOx.  For London, oscillations in nitrate nitrogen isotope compositions 
are attributable to seasonal fluctuations in soil and anthropogenic emissions.  Pinery 
Provincial Park precipitation exhibits irregular nitrogen isotope oscillations that may 
reflect its location distal from upwind anthropogenic emissions.  The oxygen isotope 
  iii 
compositions of nitrate in precipitation at Pinery Provincial Park and London, Ontario, 
exhibit oscillations that arise from seasonal variations in atmospheric oxidation pathways. 
Keywords 
Old Ausable River Channel, Pinery Provincial Park, nitrate isotopes, triple oxygen 
isotopes, ground water, precipitation, atmospheric nitrate 
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Epigraph 
 
Sodium azide is hydrated 
Once cadmium reductant is activated. 
Take care when you inject, 
its gas you wish to collect, 
or your oxides may be depleted. 
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Chapter 1 
 
1 Introduction 
 
1.1 Overview 
The nitrogen cycle is the complex biogeochemical interaction of terrestrial, aquatic and 
atmospheric nitrogen reservoirs.  Nitrate could be considered an intermediary in the 
nitrogen cycle.  As a consequence, the oxygen and nitrogen isotope compositions of 
nitrate can change considerably depending on the balance of formative and destructive 
biogeochemical reactions, in addition to changes in nitrate source (Kendall et al., 2007).  
As a pollutant and nutrient, effective water management necessitates knowing the sources 
of nitrate.  Conventionally, the identification of nitrate sources is problematic since 
(Kendall et al., 2007): 
• Nitrates rarely originate from a single source. 
• Nitrates originate from point and non-point sources. 
• The biogeochemical reactions in the nitrate cycle alter nitrate concentrations. 
 
In many environments, the sources of nitrate (e.g. atmospheric, fertilizer and septic 
sources) can have widely divergent oxygen and nitrogen isotope compositions.  As such, 
in conjunction with water chemistry, the measurement of nitrate stable isotope 
compositions can be a useful tool to elucidate the sources of nitrate.  In a sense, 
examination of nitrate stable isotope compositions takes advantage of the complex 
biogeochemical and man-made reactions that can confound the determination of nitrate 
source using non-isotopic methods. 
 
One of the earliest uses of the nitrogen isotope compositions of nitrate was an 
investigation of surfaces waters from an Illinois farmed watershed.  In this work, Kohl et 
al. (1971) determined that 55-60 % of the surface water nitrate originated from fertilizers.  
The use of nitrate stable isotope compositions as a tool in water management and source 
determination has developed alongside the analytical techniques used (e.g. silver nitrate 
in the 1990’s, denitrifer methods and oxygen-17 methods in the 2000’s; Kendall, 1995; 
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Silva et al., 2000; Sigman et al., 2001; Casciotti et al., 2002; Michalski et al., 2003; 
Kaiser et al., 2007). Today it is possible to measure nitrate δ15N, δ18O and Δ17O at 
concentrations as low as 0.5 µMNO3- (or 0.007 ppm as N; McIlvin and Altabet, 2005). In 
general, δ15N measurements of nitrate (NO3-) are useful in differentiating terrestrial 
nitrate sources; oxygen isotopes, and in particular Δ17O, are associated with the extent of 
atmospheric loading in an ecosystem.   
 
The goal of the following chapters concerns the identification and quantification of 
nitrate sources in the Old Ausable River Channel, a slow flowing river system located 
between Grand Bend and Port Franks, Ontario.  This goal is reached using the following 
approaches: (1) In-house development and advancement of nitrate analysis techniques to 
measure the stable isotope compositions of nitrate (δ15N, δ18O and Δ17O); (2) A study of 
nitrate isotopic compositions in the Old Ausable River Watershed, Grand Bend, Ontario 
that combines the newly developed analytical techniques with recently developed 
Bayesian source modeling.  (3) A study of nitrate isotopes in rain for Southwestern 
Ontario as a means to characterize the stable isotope compositions of atmospheric nitrate 
as a potential source of nitrate in the OARC, and to document regional variations in 
atmospheric nitrate isotopes in Southwestern Ontario.  Of broader interest, I develop, 
describe and use new tools to measure the stable isotope compositions of nitrate and 
quantify them using innovative modeling techniques. This approach should be easily 
transferable to the study of nitrate loading across a wide range of ecosystems and 
environmental conditions.   
  
1.2 Research Questions 
The OARC watershed is located between the towns of Port Franks and Grand Bend, 
Ontario, Canada and is largely situated within Pinery Provincial Park.  The OARC is a 
slow flowing, largely isolated river system that periodically exhibits eutrophic conditions 
that have been attributable to high water temperatures, stagnant flow and plant detritus 
(Schincariol et al., 2010).  Modifications to the nearby Ausable River during the late 19th 
century resulted in an isolated watershed that is recharged by precipitation.  In designing 
the present study we envisioned that this setting would be advantageous because its 
2
hydrology is well characterized (e.g. Maun et al., 2010; Schincariol et al., 2010; Simpson, 
2001; Steinbachs, 1999).   Furthermore, the OARC and surrounding watershed presented 
a high potential for detecting mass-independent isotope anomalies in terrestrial nitrate 
reservoirs because the watershed is not recharged by surface water input; this was an 
aspect of study we wanted to pursue since the detection and quantification of atmospheric 
nitrate contributions using nitrate Δ17O is a recent innovation.  This investigation 
examines the state of nitrate in the OARC environment with emphasis on stable isotope 
analysis in Chapter 3.  We have performed a multi-year field sampling and analysis 
program throughout the watershed.  Specific questions investigated are:  
• What are the sources of nitrate in the OARC and surrounding 
groundwaters?  
• Can the use of innovative stable isotope measurement and source 
modeling techniques quantify these sources?   
• Are mass-independent isotope anomalies of nitrate arising from 
atmospheric contribution detectable in surface or groundwaters in the 
OARC watershed? 
 
Our examination of what was necessary to answer these questions first showed that the 
currently available analytical techniques would need to be improved in order to analyze 
the full suite of nitrate isotopic compositions for the generally low nitrate concentrations 
typical of OARC samples. These challenges led to the following research questions: 
• What is the most appropriate analytical technique for measuring δ15N, 
δ18O and Δ17O in nitrate?  
• Is the most high fidelity isotopic data achieved by combining the 
analytical strengths of multiple techniques? 
 
In chapter 2 we describe an analytical technique that is a hybrid of chemical reduction of 
nitrate to nitrous oxide coupled with thermo-catalytic decomposition to nitrogen and 
oxygen gas.  We compare the nitrate stable isotope results measured from a suite of 
samples collected from the OARC.  Each sample has been analyzed in two different gas 
configurations (N2O and O2 + N2) and show that both gas configurations are necessary to 
3
achieve high quality data.  The types of analyses possible from each gas configuration are 
outlined below. 
 
 
In considering the state of nitrate in the OARC watershed, we also recognized that 
atmospheric nitrate was a possible source input, but that there was insufficient 
information on the local and regional variations in nitrate isotope compositions in 
precipitation for Southwestern Ontario.  More generally, the stable isotope compositions 
of nitrate in rain have only recently been investigated on regional scales and none of 
these studies have reported Δ17O.  To address this question, we asked: 
• What are the local and regional variations of nitrate isotopes in 
precipitation in Southwestern Ontario?  
• What can these variations tell us about regional transport of 
anthropogenic nitrogen species?   
 
Chapter 4 addresses these questions through a pilot study that discusses the variations of 
nitrate stable isotope compositions in rainwater at sampling sites in Pinery Provincial 
Park and London, Ontario.  In an effort to understand the differences between the Pinery 
and London locations, we utilize a NOAA Hybrid Single Particle Lagrangian Integrated 
Trajectory (HYSPLIT) contaminant transport model (Draxler and Rolph, 2013), which 
we have generated for Southwestern Ontario, in conjunction with regional variations in 
nitrous oxides emissions that have been previously reported for Southwestern Ontario. 
 
This thesis has been prepared in integrated article format; as such, this chapter provides 
background information not explicitly discussed in the subsequent chapters. Topics to be 
covered are as follows: (section 1.3.1) the nitrogen cycle and the associated nitrogen and 
oxygen isotope systematics of this biogeochemical system; (1.3.2) as it pertains to this 
study, an explanation of mass-dependence in stable isotope fractionation and its relation 
4
to atmospheric nitrate; (1.3.3) analytical techniques that have historically been used to 
determine the nitrogen and oxygen isotope compositions of nitrate; (1.3.4) an explanation 
of the Bayesian framework mixing model used in chapter 3; (1.3.5) a background of 
nitrite in the atmosphere and precipitation; and (1.3.6) a description of the OARC 
watershed and the history of the area. 
 
1.3 Research context 
1.3.1 The Nitrogen Cycle and associated Nitrate-Oxygen and Nitrate-Nitrogen 
Isotope Compositions 
The nitrogen cycle describes the phase transformations and reservoir interactions of 
nitrogen-bearing compounds in nature (Sprent, 1987).  The major chemical species and 
transformation processes involved in the nitrogen cycle are illustrated in Figure 1.1.  All 
of the transformations of nitrogen-bearing compounds potentially alter the stable isotope 
ratios of the products and residual pools. The nitrogen and oxygen isotope compositions 
of nitrate (NO3-) are useful in determining source contributions to an environment (e.g. 
Mayer, 2005; Kendall, 1998; Kendall et al., 2007).  The major processes and isotopic 
characteristics of nitrogen in the nitrogen cycle are detailed below. 
 
1.3.1.1 Nitrification 
Nitrification is the biologically controlled oxidation of ammonium to nitrate.  Organisms 
capable of nitrification include bacteria, fungi and some unicellular algae (Sprent, 1987).  
Of greatest relevance to this study is a multi-step oxidation reaction commonly performed 
by bacteria in the genera Nitrosomonas (NH4+ => NO2-) and Nitrobacter (NO2- => NO3-) 
in soils and aquatic environments (Sprent, 1987). 
 
(1) Nitrosomonas (relatively slow reaction rates) 
NH4+ + H2O => NH2OH + 2[H] + H+ 
NH2OH + O2 => NO2- + [H] +H+ 
(2) Nitrobacter (relatively fast reaction rates) 
NO2- + H2O => NO3- + 2[H] 
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Nitrite does not accumulate in environments where the reactive nitrate pool is small (i.e. 
sites that are not overly polluted) because nitrite-nitrate oxidation rates outpace the 
ammonium-nitrite transformation. Changes in nitrogen isotope compositions during 
nitrification generally result from ammonium-nitrite oxidation due to the relatively slow 
reaction rates of this transformation. In general, the oxidation of ammonium by 
Nitrosomonas causes δ15N values to increase by 12 to 29 ‰ (δ15NNO3-NH4) (Kendall, 
1998).  
 
In reaction (1), the oxygen and its resulting stable isotope composition is derived equally 
from water and atmospheric oxygen.  In reaction (2) the oxygen and its resulting stable 
isotope composition is derived from water and nitrate.  As such, the following 
relationship is found for the δ18O of nitrate produced from nitrification: 
 
(3) δ18ONO3- = 2/3 × δ18OH2O + 1/3 × δ18OO2 (Kendall, 1998) 
 
Atmospheric oxygen has a δ18O value of +23.5 ± 0.3 ‰ (Kroopnick and Craig, 1972); 
however, soil respiration may result in changes to soil-oxygen oxygen isotope 
compositions.  For various environments the δ18O of soil water typically ranges from –25 
to +4 ‰.  Soil nitrate resulting from nitrification has a typical range of δ18O values from 
–10 to +10 ‰ (Kendall, 1998).  Since soil δ18OH2O is easily measured, a tighter constraint 
can be placed on locally nitrified nitrate stable isotope compositions in well-characterized 
environments. 
 
1.3.1.2 Denitrification 
Denitrification is the chemically- or biologically-mediated reduction of nitrate to 
nitrogen, nitrous oxide and/or nitric oxide gas.  Nitrate reduction can be described by the 
following transformations: 
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(Sprent, 1987) 
 
Some microbes use nitrate as an electron acceptor when conditions are sufficiently 
reducing.  This is a natural process that can reduce excess (anthropogenic) nitrate from an 
ecosystem (Sprent, 1987).  Denitrification does not generally occur when there is a 
significant concentration of oxygen in the substrate. 
   
Denitrification can be identified using stable isotope analyses since the data are likely to 
exhibit (from Kendall et al. 2007): 
• Elevated δ15NNO3.  Denitrification may be occurring if there is an increase in 
δ15N values of the residual nitrate pool 
• Increasing δ15N of dissolved nitrogen alongside a corresponding decrease in 
[NO3-].   Being a biological rate-driven process, the dissolved nitrogen that is 
initially produced will have relatively low nitrogen isotope ratios.  As the 
residual nitrate pool shrinks and the δ15N values of residual nitrate increase, 
there will be a corresponding increase in the δ15N values of dissolved nitrogen 
(i.e. Rayleigh distillation). 
• For nitrate stable isotope compositions during denitrification, there is a 2:1 
increase in δ15N values versus δ18O values (as well as an associated decrease 
in [NO3-].  
• Denitrification will not result in a change in Δ17ONO3- values.  Changes in 
Δ17O cannot result from mass-dependent fractionation processes such as 
denitrification; rather changes in Δ17O occur due to mass-independent 
fractionation in the atmosphere as well from the mixing of different nitrate 
pools (e.g. rainwater mixing with soil water). 
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 1.3.1.3 Nitrogen Fixation 
Nitrogen fixation generally refers to the bacterial production of ammonium (or nitrous 
oxide gases) from atmospheric nitrogen but also results from lightning (electrical 
discharge), photochemical reactions, and anthropogenic contributions such fossil fuel 
combustion and finally fertilizer production such as the Haber-Bosch process.  The N-N 
bond is strong and, as such, a lot of energy is required to form other nitrogen compounds 
(Sprent, 1987). 
Abiotic nitrogen fixation occurs by the reaction:  
 
(4) N2 + 3H2 => 2NH3 
 
Industrial ammonia fertilizer is produced via the Haber-Bosch process whereby nitrogen 
and hydrogen gas are combined at high pressure and temperature.  Ammonia fertilizers 
have δ15N values ranging –8 to +5 ‰ (centered around 0 ‰ as a result of their 
atmospheric nitrogen origin; Kendall, 1998).  Anthropogenic nitrogen fixation also 
occurs during high temperature combustion (coal, wood and gas) producing nitrous 
oxides, ammonia or hydrogen cyanide.  Nitrogen is fixed in the atmosphere during 
lightning discharge and forest fires to produce gaseous nitrous oxides. 
 
A number of microorganisms, commonly referred to as diazotrophs, are responsible for 
biological nitrogen fixation.  Most nitrogen fixation is symbiotic, that is, the 
microorganism receives carbon from a host and produces ammonium.  During biological 
nitrogen fixation the energy derived from photosynthesis (or chemosynthesis) is used to 
drive the reaction: 
 
(5) N2 + 8H+ + 8e− + energy => 2NH3 + H2 (Sprent, 1987) 
 
The production of ammonium from atmospheric nitrogen is a kinetic process, and as 
such, the δ15N values are lower than that of atmospheric nitrogen (0 ‰; Kendall, 1998).  
Organic matter produced directly from fixed nitrogen has δ15N values that are lower than 
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organic matter produced from other mechanisms (e.g. incorporation of nitrate or nitrite). 
 
1.3.1.4 Death, Decay and Excretion (Ammonification or Mineralization) 
Organic matter produced from the excretion or death of organisms is generally deposited 
in the ground where carbon is utilized by bacteria and fungi (as well as free enzymes; 
Kendall, 1998; Sprent, 1987).  These organisms excrete excess nitrogen as ammonium.  
The process of conversion of soil organic matter to ammonia/ammonium is termed 
ammonification or mineralization.  The conversion of organic nitrogen to ammonium 
produces a relatively small nitrogen isotope fractionation (Δ15NorgN-NH4+ ~ ±1 ‰; Kendall, 
1998).  Excreted materials tend to be enriched in 15N, a process resulting from a 
combination of N-uptake, ammonification, assimilation, nitrification, denitrification, and 
volatilization (Peterson et al., 1998; Choi et al. 2007; Kim et al., 2008; Szpak, 2014). 
 
1.3.1.5 Assimilation 
Assimilation is the incorporation of nitrogen compounds by an organism.  Both plants 
and algae utilize ammonia in the production of the amino acid glutamine.   Plants utilize 
nitrate by the initial reduction to nitrite (using the enzyme nitrate reductase) followed by 
nitrite reduction to ammonia (using the enzyme nitrite reductase) (Sprent, 1987).   The 
assimilation of ammonia by plants favours the incorporation of the light isotope.  Plants 
have δ15N values 0.25 ‰ lower (ranging from –2.2 to + 0.5 ‰) than soil organic matter 
(Kendall, 1998).  There is a small associated increase in soil ammonia δ15N values during 
plant assimilation.  The conversion of nitrate to nitrite to ammonia is a multi-step reaction 
that causes δ15N shifts of <–4 ‰ in soils and –27 to 0 ‰ in aquatic ecosystems (Kendall, 
1998). 
 
1.3.1.6 Volatilization 
Ammonia can be lost at the soil-atmosphere interface.  Volatilization is a significant 
factor in farming because of the application of urea (CO(NH2)2) and manure (which can 
decompose to ammonia).  Ammonia gas released during volatilization has lower δ15N 
values than residual soil ammonium (Kendall, 1998).  Ammonium in precipitation that is 
derived from volatilization has low δ15N values (Kendall, 1998). 
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 1.3.2 Isotopic Fractionation: Mass-dependency and Independency 
Largely neglected as a tool until recently, mass independent oxygen isotope anomalies 
that are observed in the atmosphere (as well as being preserved in mineral fragments 
dating to the early solar system) are now being used as historical proxies of climatic 
variations in ice cores and desert environments (Alexander et al., 2004, Michalski et al., 
2003) and for the quantification of nitrate sources (Costa et al., 2011).  Inherited from 
ozone, nitrate that forms by atmospheric oxidation exhibits what is referred to as mass-
independent oxygen isotope anomalies.  These anomalies can be measured in terrestrial 
environments and are a direct link to the portion of nitrate in an ecosystem that originated 
via atmospheric oxidation.  Since purely terrestrial nitrate sources do not exhibit mass-
independent anomalies, the atmospheric contributions to ecosystems can potentially be 
quantified (Costa et al., 2011).  The development and use of new tools to measure and 
quantify mass-independent anomalies in ecosystems and associated rainwater is the basis 
for a large portion of this thesis.  Hence, a background on mass-independent fractionation 
is provided in the following text. 
 
Prior to discussing atmospheric mass-independent oxygen isotope anomalies in nitrate, 
the definition, nature and origin of these anomalies should be explained.  The three stable 
isotopes of oxygen (16O, 17O and 18O) have average terrestrial abundances of 99.757, 
0.038 and 0.205 %, respectively (Baum et al., 2002).  Stable isotope compositions of 
oxygen (and similarly with all other light isotope systems) are defined in a manner such 
as: 
  
(6) δxO= [(xO/16O)sample / (xO/16O)reference]-1 
 
and are reported in per mil (‰) notation where x is the heavier stable isotope of interest 
(e.g. 18O or 17O for oxygen). 
 
In the majority of terrestrial environments, oxygen isotopes exhibit a mass-dependent 
fractionation effect that can be predicted according to the mathematical relationship: 
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 (7) δ17O = X × δ18O  
 
The value of X has a measured value ranging from 0.5182-0.5280 (Matsuhisa et al., 
1978; Miller, 2002).  Kinetic and equilibrium isotope fractionation of oxygen reflect this 
mathematical relationship.  In δ17O versus δ18O graphical space, materials that exhibit the 
above relationship plot on what is commonly referred to as the terrestrial fractionation 
line.  Mass-dependency of a particular oxygen-bearing molecule (O3, O2, SO42-, NO3-) 
can be tested using a number of definitions but the most conventionally utilized is: 
 
(8) Δ17O = 1000ln (1+ δ17O/1000) – 0.5247 ×1000ln(1+ δ18O/1000) 
that can generally be simplified to: 
 
(9) Δ17O = δ17O – 0.5247 × δ18O (Miller, 2002) 
 
The term Δ17O can be defined as the permil (‰) enrichment or depletion of 17O relative 
to the δ17O value expected under mass-dependent conditions (Miller, 2002).  
Atmospheric species that exhibit these anomalous oxygen isotope ratios include: ozone 
(O3), oxygen (O2), nitrate (NO3-), sulfate (SO42-), perchlorate (ClO4-), hydrogen peroxide 
(H2O2) and stratospheric carbon dioxide (Thiemens, 2006).   
 
In the atmosphere, the formation and destruction of ozone via ultraviolet bombardment is 
associated with mass-independent fractionation.  In fact, ozone can exhibit Δ17O values 
that range from ~+30 to +40 ‰ (Thiemens, 2006).  It is theorized that the underlying 
mechanism of formation of these anomalies is differences in molecular asymmetry versus 
symmetry of the various ozone isotopologues (Gao and Marcus, 2001).  Excited ozone 
molecules produced in the atmosphere will either dissociate into O2 + O or lose energy 
and revert to ozone.  Symmetry may play a role in the preservation of asymmetric ozone 
species in excited states over that of symmetric ozone species. Gao and Marcus (2001) 
propose that during ultraviolet bombardment, asymmetric ozone molecules (16O16O17O 
and 16O16O18O) in excited states will revert to a stable state more often than symmetric 
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isotopologues (16O16O16O). Asymmetric ozone species have a greater number of 
vibrational and rotational states than symmetric species; as such, the asymmetric species 
can distribute the energy more effectively and are more likely to result in a stable ozone 
molecule (Thiemens, 2001; Gao and Marcus, 2001). 
 
Atmospheric species that exhibit mass-independent anomalies, aside from ozone, are 
derived from atmospheric oxidation by ozone (Michalski et al., 2003; Alexander et al., 
2004).  Oxygen isotope anomalies observed in species such as nitrate can therefore be 
linked directly - depending on the magnitude of the anomaly - to an atmospherically 
ozone-oxidized source.   
 
In environments where nitrate is not dominated by a single source, it may be difficult 
determine the relative contributions of each source because of partial overlaps in the 
known ranges of nitrate δ15N for fertilizer, soil, precipitation and septic sources.  This 
problem is further complicated by the large range of δ18O values observed for terrestrial 
and atmospheric nitrate (Michalski et al., 2003; Kendall et al., 2007; Silva et al., 2000).  
The use of Δ17O, in part, may resolve this problem since atmospheric nitrate is enriched 
in 17O and terrestrial nitrate sources are not. 
 
1.3.3 Determination of the Oxygen and Nitrogen Isotope Compositions of Nitrate 
Chapter 2 describes a novel technique for analysis of δ15N, δ18O and Δ17O in nitrate at 
environmental concentrations.  The following discussion provides a brief overview of the 
techniques that have been previously available for these measurements: silver nitrate 
precipitation and thermal decomposition; bacterial reduction to nitrous oxide; and 
chemical reduction to nitrous oxide. A method for catalytic thermal decomposition of 
nitrous oxide to N2 and O2 is also discussed.  Ultimately, chemical reduction of nitrate to 
nitrous oxide, as originally described by McIlvin and Altabet (2005), was selected as a 
method for this study.  Chemical reduction is considered advantageous for the following 
reasons: (i) samples may be analyzed at low concentrations; (ii) rather than maintaining a 
stock of bacterial media, chemical reduction utilizes standard laboratory equipment and 
conventional techniques (albeit numerous), and (iii) discrepancies between the reported 
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δ18O values measured from silver nitrate analysis as compared to other techniques remain 
unresolved (Kendall et al., 2007). 
 
1.3.3.1 Silver nitrate precipitation and decomposition (Silva et al., 2000) 
Water samples collected in the field are flushed though a column coated with an anion 
exchange resin.  Anion exchange resins are synthetic organic polymers that contain 
charged sites that bind ions with an opposite charge.  They are used to remove targeted 
dissolved species from solution.  Subsequent to this, silver oxide and refrigeration are 
used to remove dissolved sulfates and phosphates from solution.  A subsequent exchange 
resin removes Ba and Ag from solution.  Activated carbon is added to remove dissolved 
organic carbon.  Finally, the solution is freeze-dried, rehydrated and transferred to a 
combustion container, and again freeze-dried. The sample can be analyzed via elemental 
analysis-isotope ratio mass spectrometry (EA-IRMS) and thermal combustion elemental 
analysis-isotope ratio mass spectrometry (TCEA-IRMS) for nitrogen and oxygen isotope 
compositions. 
 
1.3.3.2 Bacterial Denitrification (Sigman et al., 2001; Casciotti et al., 2002) 
The following method was developed for oxygen and nitrogen isotope analysis of nitrates 
in fresh and seawater.  Bacterial nitrate reduction utilizes the bacterial strain 
Pseudomonas aureofaciens, which contains a copper-type nitrite reductase enzyme.  
Bacteria using the copper-type enzyme incorporate ~6 % of the oxygen from the 
surrounding water in the product N2O.  Such bacteria are much preferred over other 
species of denitrifying bacteria that use a heme-type nitrite reductase and incorporate up 
to 76 % water oxygen in the product N2O.  The bacterial cultures, grown for 6-10 days, 
are separated into head-space vials and sealed.  After the vials are purged with nitrogen 
gas, water samples are injected into the vials and the conversion of the dissolved nitrate 
to nitrous oxide occurs overnight.  Injecting sodium hydroxide into the vials arrests the 
reaction.  Nitrous oxide can be analyzed using continuous flow-isotope ratio mass 
spectrometry (CF-IRMS). 
 
1.3.3.3 Chemical Reduction (McIlvin and Altabet, 2005; Shilman and Teplyakov, 
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2006) 
The methodology utilized in Chapter 2 of this thesis is modified and extended from that 
originally developed by McIlvin and Altabet (2005) and Shilman and Teplyakov (2006).  
The method for chemically reducing nitate (NO3-) to nitrous oxide (N2O) involves the 
intermediate step of conversion to nitrite (NO2-).  Nitrate is converted to nitrite using 
activated granular cadmium (the cadmium is activated by flushing with a solution of 0.5 
M NaCl, 10 % HCl and 2 % cupric sulfate at a pH of 8.5).  The waters of interest are 
prepared for nitrite conversion by increasing the pH to 8.5 and adding NaCl until a 
concentration of 0.5 M is obtained.  The water is then flushed though a cadmium column 
using a peristaltic pump at 0.5 ml/min. 
 
A buffering solution of azide (N3-) and acetic acid (CH3COOH) must be prepared to 
convert nitrite to nitrous oxide (a 1:1 solution by volume of 20 % acetic acid solution and 
2M sodium azide).  The nitrite solution is decanted and the vials are capped.  The 
azide/acetic acid reagent is injected into the vials (0.8 ml), which are then shaken and left 
in a warm bath (30 ºC) for 30 minutes.  During the conversion of nitrite to nitrous oxide, 
it is critical that the pH be between 4-5 (ideally 4.5) to limit oxygen exchange with water.   
At this pH, the exchange ranges 11-13 %.  Increasing the pH to 10, using 0.3 ml of 6M 
NaOH, arrests the reaction.  As with the bacterial denitrification methodology, nitrous 
oxide is analyzed by conventional CF-IRMS. 
 
1.3.3.4 Catalytic Conversion of Nitrous Oxide to Oxygen 
It is not possible to measure δ17O or Δ17O values of nitrous oxide because of mass 
overlaps between the isotopic species 14N217O and 15N14N16O (45 amu).  Kaiser et al. 
(2006) modified an IRMS-specific combustion furnace to catalyze the thermal 
decomposition of nitrous oxide into O2 and N2.  The stock furnace contained a ceramic 
tube within a tubular furnace for methane combustion.  This tube was replaced by high 
purity gold tubing to catalyze the decomposition of N2O at 850  ºC (2N2O ⇒ O2 + 2N2).  
A similar offline method was described by Cliff and Thiemens (1994).  They used a 
quartz tube that was gold-coated to catalyze the decomposition of nitrous oxide to 
oxygen; this coating at temperature, facilitated the thermal decomposition of nitrous 
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oxide and the measurement of δ18O and δ17O and Δ17O values of atmospheric nitrous 
oxide.  Oxygen and nitrogen gas produced by thermo-catalytic decomposition of nitrous 
oxide can be analyzed using CF-IRMS or, more conventionally, Dual Inlet-IRMS. 
 
1.3.4 Nitrate mixing models 
In chapters 2 and 3 we model the source contributions of nitrate for segments of the 
OARC as well as groundwater sites using the stable isotope mixing model SIAR that was 
developed by Parnell et al. (2010) in the software environment R.  SIAR was originally 
developed to quantify dietary proportions from carbon and nitrogen isotope data for 
consumer populations.  In collaboration with Hundey (2014), we have used SIAR to 
model source proportions in nitrate reservoirs using all three stable isotopes 
measurements.  Parnell et al. (2010) describe the SIAR model as using Markov chain 
Monte Carlo to produce simulations of source proportions.  The model takes into account 
the range of values known for the potential sources, rather than just an average, to 
produce true probability distributions of potential source inputs in an environment. 
 
1.3.5 Nitrate isotopes in the atmosphere and rain 
Atmospheric nitrate forms from the oxidation of natural and anthropogenic nitrous oxides 
(NxOy;).  The sources of nitrous oxide emissions in the atmosphere include fossil fuel 
combustion (63 %), biomass burning (14 %), soils (11 %), lightning (10 %), aircraft (1 
%) and the stratosphere (1 %; Ehhalt et al., 2001).  Ozone is one of the main reagents 
involved in the formation of nitrate from NOx species.  As a consequence of the reactions 
between NOx species and ozone, atmospheric nitrate exhibits anomalous oxygen-17 
isotope ratios (see section 1.3.2 for details).   The Δ17O anomalies in nitrate (non-zero 
value for Δ17O) have a relatively restricted range of values (Δ17O = +20 to +30 ‰) 
compared to the δ18O values (δ18O = ~+30 to +100 ‰; Kendall et al., 2007).  Other than 
fertilizers that are mined in the Atacama Desert in Chile, which have been mineralized 
from aerosol deposition (Michalski et al., 2004a/b), all other nitrate sources in the 
terrestrial environment have values of zero for Δ17O.  The large difference in Δ17O values 
between atmospheric and “terrestrial” nitrate is currently being developed as a tool to 
quantify the atmospheric component in natural systems (e.g. Alexander et al., 2004; 
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Michalski et al., 2003; Costa et al., 2011).  Regional and temporal variations of nitrate 
isotopes in rain have been investigated by Fang et al. (2011) in Southern China and by 
Elliott et al. (2007) in the Midwestern and Northeastern United States.  These studies 
illustrate that atmospheric nitrate δ15N is strongly dependent on the proximity to nitrous 
oxides point sources while nitrate δ18O results from the dominant atmospheric oxidation 
pathway.  Both δ15N and δ18O exhibit seasonal variations that result from variations in 
atmospheric oxidation processes (Cooney, 2005) as well as variations in soil emissions 
(Felix et al., 2012). 
 
1.3.6 History of the Old Ausable River Channel  
Chapter 3 of this thesis is focused on the Old Ausable River Channel (OARC) watershed 
(Fig. 1.2).  The following historical background provides some context on the 
connections (or lack thereof) to nearby river systems as well as the reasons for the current 
hydrologic conditions in this river channel, and more generally, the Pinery Provincial 
Park area (Fig. 1.2).   
 
Post-glacial deposits in the Pinery area include a succession of glaciolacustrine, shoreline 
and aeolian dune sand deposits (Steinbachs, 1999).  The soil is composed of fine or 
medium sand composed of calcite, dolomite, chert, sandstone, siltstone and Precambrian 
rock fragments (Cooper, 1979). 
 
The following is summarized from Maun et al. (2010) and illustrated in Figure 1.2.  The 
formation of the present-day OARC results in part from historical discharge from the 
Ausable River as well as man-made modifications in the late 1800s.  Historically, the 
Ausable River discharged into Lake Huron at Grand Bend, Ontario  (Cooper, 1979).  
Long shore currents in Lake Huron resulted in sediment accumulation at the river mouth, 
causing the river mouth to migrate to the Southwest.  As a result of this progressive 
migration of the channel mouth, the Ausable River was eventually diverted parallel to the 
Lake Huron shoreline where it was channeled between dune ridges and discharged into 
Lake Huron ~15 km to the Southwest in Port Franks, Ontario (Maun et al., 2010).   
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Figure 1.2 The historical and modern course of the Ausable River.  The Ausable River 
Cut was constructed in 1876 and the Grand Bend canal in 1893.  Both of these actions 
had the impact of isolating the Old Ausable River Channel (OARC) and draining the 
Thedford Marsh.  Modified from Steinbachs (1999).  The location of Pinery Provincial 
Park is centered at 43.257°, -81.829°.  The Canada inset map is modified from Natural
Resources Canada (2002).
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Located to the Southeast of the OARC, the Thedford Marsh area included Lakes Burwell 
and Smith up until the late 19th century.  These marshlands were potential arable land; as 
such, the Thedford Marsh was drained by constructing a canal that isolated the Grand 
Bend and OARC sections of the Ausable River while still connecting the river to the Port 
Franks outlet.  For a relatively short period thereafter, flow was sustained in the Grand 
Bend and OARC sections of the Ausable River by the Parkhill Creek headwaters.  In 
1893 a canal was constructed in Grand Bend that bypassed the OARC and water flowed 
from Parkhill Creek directly into Lake Huron at Grand Bend.  As a result, the portion of 
Ausable River connecting Grand Bend to Port Franks was isolated and today is referred 
to as the OARC.  In 1962, a dam was constructed 9 km downstream of Grand Bend that 
flooded the upstream portion of the OARC for recreational purposes.  In the upstream 
part of the OARC near Grand Bend, culverts connect sections of the OARC that are 
bisected by roads (Maun et al., 2010).   
 
Today the OARC is a slow flowing water body (water residence time is 3 months, 
Simpson, 2001) located in Pinery Provincial Park and Grand Bend, Ontario.  Pinery 
Provincial Park is dominantly an Oak Savannah forest with invasive (planted) Pine trees 
displacing some of the natural vegetation.  The OARC is 14 km long, 20-80 m wide, 0.5-
4.5 m deep and drains a watershed of 24.5 km2 (Steinbachs, 1999).  
 
The OARC is recharged almost exclusively from groundwater that is dominantly 
recharged by precipitation (Steinbachs, 1999). The highest concentrations of dissolved 
species (including Na+, Cl-, Ca2+, Mg, HCO3-, NO3-, SO4-2, PO43-) are found in the 
Northeastern region of the OARC outside the park in the developed area of Grand Bend 
(Steinbach, 1999).  At the time of investigation by Steinbachs (1999), nitrate 
concentrations were as high as 7.9 mg/L in the North OARC and as low as below 
detection limit to 3.6 mg/L within Pinery Provincial Park.  Steinbachs (1999) concluded 
that sources of nitrate in the Northern OARC include hydrologic connection with the 
Ausable River (which is contaminated by agriculture) and infiltration of groundwater that 
is contaminated by nearby septic systems (based on elevated nitrate found in drive point 
samples along the OARC edge).  High nitrate concentrations in the Northern OARC were 
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attributed to low flow rates and the concentrating effects of low groundwater rates of 
discharge and high evaporation rates (Steinbachs, 1999). 
 
1.4 Dissertation Structure 
The research topics of this thesis have developed into the subsequent chapters that 
describe: (2) a novel analytical methodology for measuring the stable oxygen  (δ18O and 
Δ17O) and nitrogen (δ15N) isotope compositions of nitrate at low environmental 
concentrations; (3) a determination of nitrate source contributions to the Old Ausable 
River Channel and nearby ground waters, Grand Bend, Ontario using stable isotope 
analysis and Bayesian source modeling, and (4) the variations of nitrate stable isotope 
compositions in rainwater collected over a multi-year period in Pinery Provincial Park 
and London, Ontario.  
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 Chapter 2 
 
2 A Comparison of Oxygen and Nitrogen Isotope Ratios for Nitrate Obtained by 
Chemical Reduction to Nitrous Oxide Versus Thermal Decomposition to Nitrogen 
and Oxygen Gas 
 
2.1 Introduction 
The isotopic compositions of dissolved species in water are an important tool for 
determining and quantifying contaminant sources.  Recent developments in the stable 
isotope analysis of nitrates permit routine measurement of 30-60 nmol quantities of NO3 
for δ15N, δ18O and Δ17O values (e.g. McIlvin and Altabet, 2005; Kaiser et al., 2006).  Two 
approaches that have been developed to generate nitrous oxide (N2O) analyte from nitrate 
(NO3-) include: (1) the bacterial “denitrifer” method (Sigman et al., 2001; Casciotti et al., 
2002), and (2) chemical reduction (McIlvin and Altabet, 2005; Schilman and Teplyakov, 
2007).  A few research groups that use these two methods are also determining the Δ17O 
of nitrate.  This added measurement employs a modified approach in which N2O is 
decomposed into its base components: N2 and O2 (Kaiser et al., 2006).  The Δ17O of 
nitrate is proving a useful tool in determining the contribution of atmospherically formed 
nitrate in surface and ground waters (e.g. Costa et al., 2011). 
 
In this paper we compare results from the analysis of nitrates from natural waters in two 
gas configurations: (1) as nitrous oxide (N2O), and (2) as nitrogen and oxygen (N2 and 
O2). This work builds upon the nitrate chemical reduction method developed by McIlvin 
and Altabet (2005) with the addition of catalytic thermal decomposition developed by 
Kaiser et al. (2006).  There are potential complications in using either nitrous oxide or 
oxygen and nitrogen gas as analytes in a single analysis.  We shall argue that, if δ15N, 
δ18O and Δ17O values are desired, every sample should be analyzed twice – once 
employing nitrous oxide analyte, and a second time employing thermal decomposition of 
nitrous oxide to nitrogen and oxygen gas. To this end, we developed a dual-mode 
approach using a modified Thermo-Finnigan GasBench II device that can alternate 
between gas configurations with little interruption.  In this paper we compare results from 
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 this dual-mode approach to determine the most suitable methodology for measuring 
nitrate δ15N, δ18O and Δ17O values. 
 
2.2 Methods 
2.2.1 Chemical conversion of nitrate to nitrous oxide 
The following sections outline the general procedure to measure isotopic ratios of 
dissolved nitrate, beginning with cadmium and azide in a two-step reduction (the 
following is summarized from McIlvin and Altabet, 2005).  Similar to routine 
spectrophotometry methods employed to determine nitrate concentration, copperized 
cadmium granules are used to reduce nitrate to nitrite (O’Dell, 1993).  The newly 
converted nitrite is then decanted into gas-tight vials and injected with a solution 
containing sodium azide to produce aqueous nitrous oxide.  Nitrous oxide is sparged from 
each vial and isotope ratios are measured using a Thermo Finnigan Deltaplus XL stable 
isotope ratio mass spectrometer (IRMS) accessorized with a GasBench II and CTC 
CombiPal autosampler.  These procedures and device configurations are illustrated in 
Figures 2.1 and 2.2. 
  
2.2.2 Sample preparation 
Prior to nitrate reduction, a practical attempt is made to create similar chemical 
conditions for all samples, standards and “blanks”. As with many wet chemistry 
procedures, a few key factors can have a profound impact on the stable isotope ratios of 
the resulting analyte.  A typical analytical run of nitrate samples comprises 5 different 
standards (each analyzed twice), 15-20 samples and a ~1 L container of nitrate-free 
solution (blank).  Each sample, standard and blank is treated as follows: 
• natural samples are filtered to 0.45 microns 
• a 40 ml volume is used (aside from “blanks”) 
• nitrate concentration is diluted to ≤ 20 µM as NO3 (“blanks” are prepared 
from Millipore Q water) 
• sodium chloride concentration is set to 0.5 ± 0.04 M NaCl 
• pH is set to 8.5 ± 0.05 
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Notes: NO2
-
(aq)
N2O(g)
pump
granular cadmium
NO3-(aq)
40 ml volume
natural samples 
filtered to 0.45 
microns 
NO3-(aq) concentra-
tion diluted to ≤ 20 μ
M (as NO3-)
NaCl concentration is 
set to 0.5 ± 0.04 M
pH set to 8.5 ± 0.05
samples/standards 
pumped sequentially 
through a cadmium 
column 
≤60 nmol (NO2-(aq))  
decanted into 
Exetainer® vial 
final volume of all 
samples set to 7.5 ml
Inject 0.8 ml of 1:1 
by volume mixture of 
2M NaN3 and 20 % 
CH3COOH
30 minutes in a 30 °C 
bath 
inject 0.3 ml of 6M 
NaOH
Figure 2.1 Progressive nitrate reduction to nitrite (NO2
-) and nitrous oxide (N2O) 
(McIlvin and Altabet, 2005; Schilman and Teplyakov, 2007)
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 These five conditions ensure the same fractionation for all standards and samples during 
the progressive reduction of nitrate to nitrous oxide (all summarized from McIlvin and 
Altabet, 2005). 
 
2.2.3 Reduction to nitrite 
Nitrate is reduced to nitrite by peristaltic pumping of each 40 ml sample through a 
cadmium-packed column (1.5875 mm [1/16 inch] I.D. Tygon® tubing containing 
cadmium; commonly, two columns are set up in parallel).  The reactions responsible for 
converting nitrate to nitrite are: 
 
(1) CuSO4 + CdO + 2H+=> CuO+ Cd0 +H2SO4  
(2) NO3- + Cd0 => NO2- + CdO (McIlvin and Altabet, 2005) 
 
Copper sulfate is used to generate a reduced surface on the cadmium substrate once per 
day.  Nitrate is reduced via a redox reaction between nitrate and cadmium.  In practice, to 
eliminate memory effects, 15 ml “blank” solutions are flushed through the column 
between each standard or sample.  In addition, the first 15 ml of each standard and 
sample are discarded.  Following nitrate reduction, all sample, standard and “blank” 
concentrations are measured by spectrophotometry (O’Dell, 1993) and the necessary 
volume of solution (up to a maximum of 7.5 ml) is calculated in order to decant ≤60 nmol 
of nitrite into a Labco Exetainer® vial.  Since each sample is analyzed twice (as nitrous 
oxide and then as oxygen and nitrogen gas), two Exetainer® vials are prepared for each 
sample.  All vials are then diluted with blank solution to a final volume of 7.5 ml and 
sealed with a pierceable, septa-lined cap. 
 
2.2.4 Reduction to nitrous oxide 
Nitrous oxide is produced by injecting 0.8 ml of a 1:1 by volume mixture of 2 M sodium 
azide and 20 % acetic acid into each Exetainer® vial.  The basic reaction involved in the 
reduction of nitrite to nitrous oxide is: 
 
(3) HNO2 + HN3 <=> N2O + H2O + N2 
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Reaction 3 is initiated by injecting the sodium azide + acetic acid mixture into each 
Exetainer® vial.  Acetic acid is necessary to lower the pH during reaction; this pH level 
increases the rate of reaction and limits isotopic exchange (McIlvin and Altabet, 2005).  
This reaction results in the production of nitrous oxide and nitrogen gas.  Experimental 
results show in the resulting nitrous oxide, one nitrogen atom originates from the original 
nitrate and the other from sodium azide (McIlvin and Altabet, 2005).  Calibration of the 
data, and as such the correction for this addition of nitrogen, is discussed in section 
2.2.6.1.  After 30 minutes in a 30 °C bath the reaction is arrested and excess hydrozoic 
acid (HN3) is neutralized by injecting 0.3 ml of 6 M sodium hydroxide.  The injection of 
sodium hydroxide, in most instances, results in the precipitation of sodium acetate.  Upon 
completion of this step it is best to complete all stable isotope analyses within 36 hours.  
For detailed notes on these procedures refer to McIlvin and Altabet (2005) and Schilman 
and Teplyakov (2007). 
 
2.2.5 Analyte purification and IRMS 
Figure 2.2 illustrates the modified CTC CombiPAL and Thermo-Finnigan GasBench II 
(GasBench herein) purge and trap system used in this study.  The GasBench is principally 
designed to equilibrate, extract, purify and inject carbon dioxide and hydrogen gases into 
an IRMS.  The GasBench used in this study has been modified to achieve the following 
objectives: 
• Purify the inlet helium of hydrocarbons, O2, H2O, CO, CO2 and H2.  This 
GasBench has a dedicated VICI helium purifier (P100-2) and a 
Chromatographic Specialties hydrocarbon trap (C36105). 
• Purify the nitrous oxide analyte of CO2, H2O, O2 and N2 gases and other trace 
contaminants.  Purification of the nitrous oxide analyte from carbon dioxide is 
necessary because the isotopologues of these gases have the same mass and 
are indistinguishable by conventional IRMS. In addition, the elution times by 
gas chromatography of CO2 and N2O are similar; in order to prevent peak 
overlap, CO2 concentrations must be limited to very low levels.  Water vapor 
can cause spurious results in mass spectrometry and low background levels of 
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 nitrogen and oxygen gas are necessary when nitrous oxide is thermo-
catalytically decomposed to nitrogen and oxygen gas. 
• Switch between two gas configurations (nitrous oxide and oxygen + nitrogen) 
with little disruption. 
• Thermo-catalytically decompose nitrous oxide into nitrogen and oxygen gas 
to permit the measurement of δ15N, δ18O and Δ17O from a single sample. 
 
For any single analysis, the software-controlled (Thermo-Fisher Scientific ISODAT 2.5) 
CTC combiPAL injects a custom needle through the septa of an Exetainer® vial and 
sparges nitrous oxide out of solution at a flow rate of 20-25 ml/min for 18 minutes (Fig. 
2.2).  The helium + analyte stream is contained in stainless steel and silica capillary 
tubing and flows through an -80 °C cryogenic trap, nafion loop, carbsorb and magnesium 
perchlorate trap, and a Supelco type-f hydrocarbon trap into a -196 °C piston-actuated 
liquid nitrogen trap, which amasses nitrous oxide (T1 in Fig. 2.2).  The nitrous oxide 
analyte is subsequently diverted via an actuated VICI® 8 port (2-position) Valco valve 
(Valco in Fig. 2.2) to a second piston-actuated, liquid nitrogen trap (T2 in Fig. 2.2) via 
the actuated 8-port Valco valve.  Upon transfer of the analyte to the second trap, the gas 
is released (by raising the piston-actuated trap) and, via a 10-port (2 position) Valco 
valve, nitrous oxide gas can either be directed to a PoraPLOT Q GC column and into the 
IRMS as N2O gas for δ15N and δ18O measurements or to a micro-catalytic furnace, 5Å 
(0.5 nm) molecular sieve GC column and into the IRMS as O2 and N2 gases (δ15N, δ18O 
and Δ17O measurements).   
 
Cliff and Thiemens (1994) built an offline system in which a quartz tube with a gold 
coating was used as a substrate to catalyze the decomposition of nitrous oxide to oxygen 
gas.  Kaiser et al. (2006) applied this concept by installing a gold tube into a continuous 
flow system.  The system at the Laboratory for Stable Isotope Science at the University 
of Western Ontario (LSIS) consists of a ceramic reaction tube (Omega Omegatite® 450) 
inserted into a customized tube furnace (Omega CRFC-7512/120-C-A).  The ceramic 
reaction tube is packed with approximately 500 mg of 0.127 mm diameter braided gold 
wire (99.99 % purity, Aldrich 326526).  Experimentation with the reactor has shown that 
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 a temperature of 875 °C achieves the highest gas yields and the most reproducible results. 
The ideal furnace temperature likely depends on the furnace dimensions and 
thermocouple position.  The downstream fitting connecting the ceramic tube to capillary 
tubing is air-cooled to prevent Fe-oxide buildup in the interior.  The interior substrate of 
the ceramic reaction tube builds up with carbon over time (from impurities in the helium) 
and must be periodically flushed with pure oxygen.  Failure to regenerate the reactor 
substrate results in oxygen analyte reacting with carbon to form carbon oxides.  This 
problem is manifested as an increasingly diminished oxygen yield relative to nitrogen 
intensity.  The peak intensity ratio of masses 34:28 can be monitored to detect this issue 
when it begins to arise.  
 
2.2.6 Data reduction 
2.2.6.1 Nitrous oxide 
Nitrous oxide isotope data were collected using a Thermo-Finnigan Deltaplus XL IRMS 
by monitoring masses 44, 45 and 46 (14N14N16O, 14N15N16O + 14N14N17O, 14N14N18O, 
respectively).  An explanation of the mathematical conversion from isotope mass ratios 
into raw δ15N and δ18O values can be found in McIlvin and Altabet (2005). The raw δ-
values undergo a number of correction factors.  Calibration equations are generated and 
checked using 4 international standards: USGS-32 (KNO3), USGS-34 (KNO3), USGS-35 
(NaNO3), IAEA-NO-3 (KNO3) and one internal standard provided by the Geological 
Survey of Israel (GSI-NO3 (KNO3): δ15N = +1.3 ‰, δ18O = +14.13 ‰).  All nitrogen and 
oxygen isotope compositions are reported herein on the AIR and VSMOW scales, 
respectively. 
 
On average 87.4 ± 3.6 % (1) of the oxygen that ends up in the product nitrous oxide is 
original nitrate oxygen; the remainder results from exchange with water oxygen.  For 
every analytical session, this exchange factor is determined from the slope (mstd) of the 
correction curve generated from standards and Eqn. (4) from McIlvin and Altabet (2005) 
is applied: 
 
(4) δ18ONO3corr = δ18ONO3 – (1 - mstd)(δ18OH2Osa - δ18OH2Ostd) 
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Values of δ18OH2Osa and δ18OH2Ostd represent samples collected in the field (sa) and water 
used to make standards in the laboratory (std), respectively.  This correction can become 
important for natural water sample sets having water oxygen isotope ratios divergent 
from the local water used to dissolve the standards. 
 
For nitrogen, there are two isotopologues with a mass number of 45.  Samples with Δ17O 
values of 0 ‰ (see section 2.3 for explanation of Δ17O) have this interference corrected 
from the raw data by ISODAT in a manner similar to the classic Craig correction (Craig, 
1957).  In the case of atmospherically derived nitrates and terrestrial sources with a 
quantifiable proportion of atmospherically oxidized nitrate, there can be significant 
interference resulting in artificially higher calibrated δ15N values (δ15NN2Ocal) that are not 
addressed using the Craig correction.  Atmospherically derived nitrate can have Δ17O 
values ranging from +20 to +30 ‰; in such a case, the mass interference artificially 
increases δ15NNO3 values by 2-3 ‰.  Through repeated analyses (n=50) of the USGS-35 
nitrate standard over two-year period we have determined the following relationship: 
 
(5) δ15NNO3 17corr = δ15NNO3cal – xcorr* Δ17Ospl 
 
The value of δ15NNO3 17corr has been thus corrected and is used in the remainder of this 
paper (herein 15NNO3).  The value of 15NNO3cal has been calibrated using standards; 
xcorr has a value of 0.102 as determined from: 
 
(6) xcorr = (15NN2O USGS-35cal - 15NUSGS-35True)/17OUSGS35cal 
 
where 15NN2O USGS-35cal, Δ17OUSGS35cal and 15NUSGS-35True are the calibrated (cal) and 
true values of USGS-35 nitrate.  Determination of 17O is described in the following 
section. 
 
2.2.6.2 Oxygen and Nitrogen (gas) 
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 Oxygen and nitrogen gas isotope data were collected using the same Thermo-Finnigan 
Deltaplus XL IRMS by monitoring masses 32, 33, 34 and 28, 29, 30, respectively; raw 
δ15N, δ18O and δ17O values are calculated by the mass spectrometry software.  Kaiser et 
al. (2006) describe this type of analysis in detail. Opinions vary as to the most appropriate 
mathematical method to calculate Δ17O values.  We have selected the following 
definition, as it is the most widely utilized: 
 
(7) Δ17O = δ17O  – 0.52 * δ18O 
 
Equation 7 was calculated using raw δ-values.  Calibration equations are generated and 
checked using 4 international standards: USGS-32, USGS-34, USGS-35, IAEA-NO-3 
and our internal standard GSI-NO3. Water exchange corrections were applied to the 
δ18ONO3- values using Eqn. 4.  Δ17ONO3- water exchange was corrected during standard 
calibration since the Δ17OH2O of all standards and samples is 0 ‰. 
 
If not for irregularities arising from measuring δ15N and δ18O values in this gas 
configuration, all of the data of interest from nitrate could be gathered by measuring 
nitrate isotope ratios as nitrogen and oxygen gas.  These irregularities include: non-
linearity in nitrate δ18O measured from oxygen gas (previously documented by Kaiser et 
al., 2006) and nitrogen isotope ratios measured from nitrogen gas that exhibit greater 
variability as compared to the δ15N values measured using nitrous oxide.  These 
irregularities will be demonstrated and discussed in detail in section 2.3. 
 
2.2.7 Sample sets used in this data comparison 
Surface, ground and rainwaters samples were collected from the watershed of the Old 
Ausable River Channel (OARC) located on the south shore of Lake Huron in Pinery 
Provincial Park and Grand Bend, Ontario, Canada.  In addition, precipitation samples 
were collected in London, Ontario, Canada.  Water in the OARC has a residence time of 
three months (Simpson, 2001).  Pinery Provincial Park is dominantly an Oak Savannah 
forest with invasive (planted) pine displacing some of the natural vegetation.  The OARC 
is 14 km long, 20-80 m wide and 0.5-4.5 m deep, and drains a watershed of 24.5 km2 
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 (Schincariol et al., 2010).  The provincial park is situated on older, vegetated and younger 
(modern) sand dunes formed during progressive lowering of this Great Lake and its more 
ancient precursors.  
 
The OARC is recharged almost exclusively from ground water that is dominantly 
recharged by precipitation (Steinbachs, 1999). Soil and septic/manure nitrates have been 
previously reported to be the dominant sources of nitrate in the OARC in its northeastern 
reaches at Grand Bend, Ontario (Steinbachs, 1999).  Within Pinery Provincial Park to the 
southwest, there are fewer contaminant sources and higher surface and ground water 
discharge rates (Steinbachs, 1999).  As in the northeastern reaches, soil and septic nitrate 
sources have previously been documented but we shall demonstrate in here and in 
Chapter 3 that atmospheric nitrate sources are the single largest input of nitrate to the 
OARC within Pinery Provincial Park.  
 
Samples were collected between 2006 and 2009 from 23 sites in and around the OARC 
watershed.  Rainwater was collected on a monthly cumulative basis between July 2007-
November 2009 within Pinery Provincial Park (latitude/longitude: 43.250460°, -
81.849160°).  In addition, rainwater samples were collected for the same time period in 
London, Ontario (latitude/longitude: 43.010300°, -81.271390°). 
 
2.2.8 Stable Isotope Analysis in R (SIAR) 
We have used the open source R software package Stable Isotope Analysis in R (SIAR; 
Parnell et al., 2010; R Core Team, 2014) to determine posterior distributions of nitrate 
sources in 3 hydrologic zones of the OARC: OARC North, OARC Pinery, and OARC 
South of Dam.  SIAR uses Markov chain Monte Carlo to simulate plausible source 
proportions in groups of samples.  The posterior distributions calculated using SIAR are 
probability distributions for each nitrate source.  The real strength of modeling source 
proportions with SIAR is that it factors in variability in source values, allows for more 
potential sources than some other approaches, and generates probability distributions of 
the sources (Parnell et al., 2010).  We compare SIAR model outputs for δ15N values 
measured from nitrous oxide and nitrogen gas.  Our model inputs include four source 
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 groups (atmospherically oxidized nitrogen, soil nitrate, septic and manure nitrate, and 
fertilizer NO3-/NH4- + rain NH4-) and two isotope systems (δ15N, Δ17O).  Fertilizer NO3-
/NH4- and rain NH4- are grouped together in this processing because they have 
overlapping values in the two-dimensional isotope space used in the geochemical model. 
 
2.3 Results and Discussion 
2.3.1 Comparison δ15NN2O versus δ15NN2 
The nitrate standards USGS-32 and USGS-34 have been used to generate nitrogen-
isotope calibration curves for both nitrous oxide (N2O) and nitrogen (N2) gases.  We used 
IAEA-NO-3 as a check standard for calibrated δ15N values. The average δ15NN2O 
obtained for IAEA-NO-3 was +4.7 ± 0.4 ‰ (1σ, n = 39 over 22 analytical runs), which 
compares well with its accepted value of +4.7 ‰ (Böhlke and Coplen, 1995); precision as 
determined from sample duplicates was ± 0.7 ‰ (n = 63 pairs).  The average δ15NN2 
value obtained for IAEA-NO-3 was +4.3 ± 1.0 ‰ (1σ, n = 32 over 23 analytical runs); 
precision as determined by sample duplicates was ± 1.2 ‰ (n = 39 pairs).  In short, the 
nitrogen isotope ratios measured using N2O were more accurate and precise than those 
obtained using N2.   
 
We have investigated the differences in the measured δ15N values for this dataset in 
further detail using the Bland-Altman technique (Bland and Altman, 1986) in a manner 
similar to that employed by Xue et al. (2010).  In Figure 2.3, δ15NNO3 values measured as 
N2O and N2 are compared for surface and ground waters from the OARC watershed, and 
rainwater from Pinery Provincial Park and London, Ontario.  This comparison is shown 
with and without 17O corrections to the N2O data.  We have chosen to present the 17O 
uncorrected data to emphasize the necessity for this correction. As expected, the data plot 
closer to the line of equality when the correction for 17O interference is made to the 
δ15NN2O values.  There are discrepancies between δ15NN2O and δ15NN2 if 17O corrections 
are not applied.  To further reinforce this point, we performed a simple calculation of 
how this level of discrepancy resulting from 17O interference propagates when using 
SIAR.  For example, when determining the septic source input into an ecosystem, with all 
other factors equal, a 0.1 ‰ increase in measured δ15NN2O (that would result from a 
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Figure 2.3 Comparison between δ15NNO3 values measured using nitrous oxide (N2O) 
versus nitrogen gas (N2) for OARC surface and ground water, and precipitation from 
Pinery Provincial Park and London, Ontario.  The open symbols represent data uncor-
rected for 17O interference; filled symbols represent 17O corrected results.
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 Δ17ONO3- of 1 ‰) will on average result in an increase in calculated septic input by 0.5 %.  
We believe that the reduction in difference between these two datasets after the 17O 
correction is applied to the data for N2O provides further justification, in general, for 
measuring Δ17O in nitrates (aside from the added utility this measurement provides). 
 
The difference in δ15N values between nitrous oxide and nitrogen gas (Δδ15NN2O-N2) from 
the same sample versus the mean of the two analyses is shown in Figure 2.4. The lack of 
a trend in the data indicates that the δ15N values of nitrate measured from N2O and N2 are 
consistent over a large range of δ15N values.  The mean difference between δ15N values 
measured from N2O and N2 is 0.4 ‰ (standard error of 0.14, standard deviation of 1.7 ‰).  
To put these measured differences into context, Xue et al. (2010) compared the δ15N 
values of nitrate by AgNO3 combustion and bacterial denitrification to nitrous oxide; the 
mean difference for these methodologies was 1.5 ‰.  A 17O correction was not applied 
by Xue et al. (2010).  
 
The differences in corrected (as described above) δ15N values between N2O and N2 gases, 
as illustrated in Figure 2.4, are normally distributed and 95.4 % of the data are within the 
95 % limits of agreement between the datasets.  Our conclusion from these statistical 
tests and from Figure 2.4 is that the nitrogen isotope data measured for N2 versus N2O 
gases are sufficiently comparable that they are unlikely to misrepresent the sources of 
nitrate in study.  That stated, we noted earlier that when using IAEA-NO-3 as a check 
standard to test the calibration of the dataset, nitrogen isotope data measured using N2 gas 
are on average -0.4 ‰ offset from the accepted value of this standard.  Furthermore, the 
isotopic reproducibility as determined from natural samples using N2 gas is appreciably 
worse when compared to data for N2O gas.  It is notable that in N2 gas configuration, the 
average value of both the check standard IAEA-NO3 and the average value of natural 
samples is -0.4 ‰ offset as compared to values measured using N2O gas.  This 
discrepancy suggests that there is an offset in nitrogen isotope compositions when 
measuring N2 gas that cannot be accounted for in the calibrations we have used here.  In 
the original publication describing this technique, Kaiser et al. (2006) noted a similar 
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Figure 2.4 The differences in δ15N values between nitrous oxide (N2O) and nitrogen (N2) 
analyte relative to the mean of the two analyses.  The offsets between the two methods are 
consistent over a large range of δ15N values.  Nitrous oxide δ15N values are on average 0.4 
‰ higher than nitrogen gas.  The solid line represents to mean difference in δ15N between 
nitrous oxide and nitrogen gas analyses.  The dashed lines represent the standard devia-
tion (2σ).
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 complication in measuring nitrate nitrogen isotope compositions from thermal 
decomposition of N2O.  To date, the source of this offset remains to be identified.   
 
In summary, the nitrogen isotope data for natural samples measured using these two 
techniques are comparable; however, the review of the check standard values as well as a 
comparison between each datasets would seem to indicate that δ15N values are of higher 
quality when measured using N2O gas.  In an effort to test the fidelity of these techniques 
in a natural system, we next compare source mixing model outputs from a subset of the 
Pinery Provincial Park data from each gas configuration. 
 
Using a SIAR mixing model we assess below whether or not the same conclusions about 
source contributions would arise, depending on the use of 17O-corrected N2O versus N2 
gas data.  The Δ17O data used in the model are the same for each model run.  The SIAR 
model outputs are compared for three hydrologic zones of the Old Ausable River 
Channel (OARC) in Figure 2.5. It should be noted that the model outputs for 
atmospherically derived nitrate are most sensitive to oxygen isotope data while the 
outputs for septic and manure, fertilizers and soil nitrates are most sensitive to differences 
in nitrogen isotope compositions.  A summary of the SIAR inputs and results is shown in 
Table 2.1.  It shows that, all other factors being identical, the SIAR outputs are similar.  
The largest discrepancies between the modeled results (OARC Pinery) are related to the 
limited dataset. The same conclusions would be reached using data obtained for either 
gas analytical configuration. 
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Table 2.1 (a) SIAR input values for nitrate sources. Source values estimated from the 
ranges provided in Xue et al. (2009). (b) Means and Standard deviations of three OARC 
hydrologic zones (actual data was input into the model). (c) Mean values of the SIAR 
posterior distributions of the OARC sources. 
 
2.3.2 Comparison of δ18ON2O versus δ18OO2 
The standards USGS-34 and USGS-35 were used to generate calibration curves for δ18O 
data, with IAEA-NO-3 being used as a check standard for that calibration.  The average 
δ18ON2O of IAEA-NO-3 was +25.8 ± 0.8 ‰ (1σ, n = 37 over 22 analytical runs; accepted 
value = +25.6 ‰, Böhlke et al., 2003). Precision as determined from duplicate analyses 
was ± 1.0 ‰ (n = 60 pairs).  The average δ18OO2 of IAEA-NO-3 was +26.1 ± 1.7 ‰ 
Table 2.1a δ15N, Δ17O  (‰, VSMOW) for potential OARC nitrate sources
Source Mean 1s Mean 1s
δ15N δ15N Δ17O Δ17O
Atmosphere +1.7 +3.9 +25.2 +3.2
Fertilizer N03+NH3+ & Rain NH3+ -1.4 +5.1 0.0 +1.0
soil +4.2 +3.4 0.0 +1.0
septic +16.1 +12.8 0.0 +1.0
Table 2.1b δ15N, Δ17O  (‰, VSMOW) for OARC hydrologic zones
Zone Mean 1s Mean 1s
δ15N δ15N Δ17O Δ17O
Determined from N2O δ15N 
OARC North +10.1 +3.4 +1.8 +1.6
OARC Pinery +5.8 +3.5 +9.6 +6.0
OARC S. Dam +8.3 +4.5 +6.0 +4.2
Determined from N2 δ15N 
OARC North +9.4 +3.4 +1.8 +1.6
OARC Pinery +5.5 +3.0 +9.6 +6.0
OARC S. Dam +7.5 +4.9 +6.0 +4.2
Table 2.1c SIAR determined proportions of nitrate sources (%)
Zone Atmospheric Fertilizer N03+NH3 Soil Septic + Manure
NO3-  & Rain NH3+ as NO3 NO3- NO3- 
Determined from N2O δ15N 
OARC North 7 2 51 38
OARC Pinery 33 14 28 24
OARC S. Dam 23 16 29 33
Determined from N2 δ15N 
OARC North 7 2 52 35
OARC Pinery 33 23 26 21
OARC S. Dam 24 18 29 32
41
 (1σ, n = 31 over 23 analytical runs); precision as determined by sample duplicates was ± 
1.1 ‰ (n = 37 pairs).  Nitrate δ18O measurements utilizing N2O analyte were more 
accurate.  Both methodologies have similar precision, as determined using a standard 
measure (comparison of duplicates).   
 
Figure 2.6 is a plot of δ18OO2 versus δ18ON2O with the colour of each data point 
corresponding to the mass-34 signal intensity recorded during mass spectrometric 
analysis of oxygen gas.  In Figure 2.6, nitrate δ18O values measured in each of the gas 
configurations are compared for surface and ground water in the OARC watershed, and 
rainwater from Pinery Provincial Park and London, Ontario. Signal intensity is one 
measure of the quantity of gas injected into the mass spectrometer.  Figure 2.6 was 
generated to test sample size effects on data quality.  The data are generally distributed 
about the line of parity because the standards used to determine the necessary curve 
correction have an average signal intensity of ~3850 mV (N = 300).  These data show 
that signal intensity would appear to affect the δ18OO2; thus, it would appear to indicate 
that precision using this method is likely worse.   
 
Directly injecting varying quantities of N2O gas and converting it to O2 gas can reproduce 
a similar effect.  This is illustrated in Figure 2.7; the samples in this case were variable 
quantities of pure N2O that was injected into our system and converted to O2 by thermal 
decomposition.  The data in Figure 2.7 do not exhibit clustering or an inflection in the 
trend that might result from too little or too much gas; rather, we suggest that the 
regularity of the trend indicates that the δ18O of O2 is strongly dependent on the quantity 
of gas initially introduced into our system.  Kaiser et al. (2006) observed a similar sample 
size effect for δ18O values measured using O2 gas (in their case N2O was produced via 
bacterial denitrification and then decomposed to O2 gas using a similar methodology as 
the present study).  Figures 2.6 and 2.7 are showing the same isotopic effect: a sample 
size dependency for δ18OO2 data.   
 
In light of this variation in δ18OO2, if δ18O is desired, N2O is the better analyte.  That said, 
Kaiser et al. (2006) proposed that it is possible to correct for intensity-related non-
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Figure 2.6 Comparison between δ18O values measured using nitrous oxide (N2O) and 
oxygen (O2) gas for OARC surface water and ground water, and precipitation from 
Pinery Provincial Park and London, Ontario.  The colour scale used for the symbols 
corresponds to the oxygen gas mass-34 signal intensity recorded during IRMS.  This 
intensity scale is good proxy for sample size.  There is a distinct trend of increasing      
δ18OO2 values with increasing O2 signal intensity.  The data vary about the line of parity 
because all data are corrected using standards that have an average signal intensity of 
3850 mV.
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Figure 2.7 Raw δ18O values of  oxygen gas derived from the decompositon of N2O gas 
by thermal decomposition.  The data were generated during early developement of the 
LSIS catalytic furnace.  Raw δ18O values are strongly dependent on the signal intensity 
of the gas in the mass spectrometer.  Signal intensity is a measure of  the quantity of gas.  
This effect is the underlying mechanism for disparity between nitrate       δ18O measured 
from oxygen (O2) and nitrous oxide (N2O) gases.
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 linearity.  We propose that if the following relationship can be determined, it should be 
possible to extract usable oxygen isotope data from O2 analyte: 
 
(8) δ18ON2O - δ18OO2 = m*signal intensity + b 
 
The slope (m = 2.33x10-3) and intercept (b = 9.58) of the above equation have been 
calculated for the study described here using a subset of samples with a wide variation in 
δ18O values and signal intensities.  However, the values used in equation 8 for m and b 
would likely need to be determined on an ongoing basis since the conditions of thermo-
catalytic decomposition of N2O to O2 gas may change over time.   
 
To test this approach, we arbitrarily split our nitrate δ18O database of surface water, 
ground water and rainwater over a range of values.  The results of the data correction are 
shown in Figure 2.8, and demonstrate that this type of data correction is possible.  Still, it 
would need to be determined that the isotopic fractionation associated with thermal 
decomposition of N2O to O2 gas is linear, stable and reproducible. Since it has already 
been established that δ15NN2O data are superior, δ18O data, if desired, are also likely best-
measured using N2O gas.  
 
2.3.3 Δ17O 
The standards USGS-32, USGS-34 and USGS-35 were used to generate calibration 
curves for Δ17O data and IAEA-NO-3 was used as a check standard for that calibration.  
The average Δ17O of IAEA-NO-3 was +0.1 ± 0.8 ‰ (1σ, n = 31 over 23 analytical 
sessions; the accepted value is -0.1 ‰, Böhlke et al., 2003); precision as determined from 
duplicate analyses was  ±0.5 ‰ (n = 48 pairs).   
 
In this dataset, the difference in the uncorrected Δ17O values between USGS-34 and 
USGS-35 is smaller than the true difference (16.8 versus 21.6 ‰, respectively).  We refer 
to this effect as scale compression – that is, the true permil difference between two 
sufficiently distinct standards is larger than the uncalibrated (measured) difference.  
Kaiser et al. (2006) also observed scale compression for oxygen isotope analyses (δ18O 
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Figure 2.8 Comparison between δ18O values measured using nitrous oxide (N2O) 
versus oxygen gas (O2) following application of a linear intensity-related correction 
to the  δ18OO2 data. Data include OARC surface and ground water, and precipita-
tion from Pinery Provincial Park and London, Ontario.  The colour scale used for 
the symbols corresponds to the oxygen gas (O2) mass-34 signal intensity recorded 
during IRMS.
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 and Δ17O) but the origin of this effect could not be explained.  On average, we measured 
22 % scale compression from the accepted difference in Δ17O values.  From the 
calibration of N2O δ18O data we have calculated that on average there is 13% exchange 
with water oxygen during the conversion of NO3-(aq) to N2O(aq).  This degree of exchange 
is in line with that reported in the literature (McIlvin and Altabet, 2005; Schilman and 
Teplyakov, 2007).   After accounting for this exchange in the average raw Δ17O values, 
there remains 11 % scale compression.  In early experiments, a stainless steel 
compression fitting downstream of the micro-catalytic furnace was not air-cooled; during 
this time period we observed a long-term gradual increase in the Δ17O scale compression.  
Replacing and air-cooling this stainless steel fitting stabilized our results.  This outcome 
leads us to believe that the second contributing factor to Δ17O scale compression is the 
buildup of, and subsequent oxygen exchange with, Fe-oxides downstream of the micro-
catalytic furnace (Fig. 2.2).  Presumably there is a loss of oxygen associated with this Fe-
oxidation but is likely too small to be detectable from individual sample signal intensities.  
We suggest that oxygen exchange with Fe-oxides may be further limited by reducing the 
interaction between heated oxygen and stainless steel components of the apparatus.  
Lengthening and air/liquid-cooling of the ceramic reaction tube could achieve this goal; 
however, this modification could alter the temperature profile of the furnace and would 
need to be investigated.  
 
2.4 Conclusions 
The measurement of nitrate isotope compositions by thermal decomposition of N2O to O2 
and N2 gases is a relatively recent advance.  We have compared δ15N and δ18O results 
obtained using N2O versus N2 and O2 analytes and discussed Δ17O measurements 
obtained from O2 gas.  The nitrogen isotope results among the analytes are sufficiently 
similar they are likely to represent the sources of nitrate with two caveats: (i) δ15NN2O 
values must be corrected for 17O interference; and (ii) δ15NN2 data are less precise and 
less accurate.  We show that, in a comparison of δ18O datasets for natural water samples, 
δ18OO2 data are strongly dependent on signal intensity (sample size) and are less precise 
and accurate than δ18ON2O data.  Values of Δ17O measured using O2 have acceptable 
precision and accuracy.  However, the Δ17O values measured using thermal 
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 decomposition of N2O suffer from a scale compression for which correction is made 
during standard calibration.  
  
Neither N2O nor O2 and N2 gas configurations alone produce the highest quality nitrate 
isotope dataset.  The δ15N results are of highest quality when collected using N2O and 
corrected for 17O interference.  The δ18O data measured using N2O are of higher quality 
than those produced using O2.  If all of δ15N, δ18O and Δ17O of nitrate are desired, a dual 
gas preparation system (e.g., N2O and O2) like the one described here provides a suitable 
approach. 
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 Chapter 3 
 
3 Nitrate Sources in the Old Ausable River Channel and Adjacent Aquifers in 
Pinery Provincial Park, Ontario Canada 
 
3.1 Introduction 
A combination of nitrate stable isotope and chemical data are used here to assess the 
main sources and hydrologic conditions governing spatial and temporal variations of 
nitrate in an environmentally sensitive small river channel and its adjacent aquifers.  The 
Old Ausable River Channel (OARC) is a slow flowing lotic system running parallel to 
the shoreline of Lake Huron between Grand Bend and Port Franks, Ontario. The majority 
of the OARC is located in oak savannah and pine forest-dominated portions of Pinery 
Provincial Park.  This waterway is undergoing transition from a lotic to lentic watershed 
and is periodically in a state of eutrophication (Schincariol et al., 2010).  Mainly confined 
by dune ridges parallel to the river channel, the OARC is recharged by ground water flow 
(Steinbachs, 1999; Schincariol et al., 2010).  The goal of the present work is to quantify 
the source contributions of nitrate in the OARC and adjacent aquifers through the use of 
innovative stable isotope measurement and modeling techniques.  Potential sources of 
nitrate in the OARC watershed include discharge from septic systems in Grand Bend and 
Pinery Provincial Park, fertilizers from agricultural and residential use, atmospheric 
deposition, and back-flooding from the Ausable River Cut by agriculturally dominated 
waters in portions of the OARC located south of the Pinery Provincial Park dam (Fig. 
3.1). 
 
3.1.1 Description OARC and GW system 
The Old Ausable River Channel (OARC) is an ~14 km long slow-flowing river channel 
originating in Grand Bend, Ontario that discharges into the Ausable River Cut (Fig. 3.1; 
Plate 1).  Annual average discharge rates of the OARC are 4.2x103 m3/day with water 
residence times of 3 months (Simpson, 2001). The 24.5 km2 OARC watershed is 
composed of a regressive barrier beach succession of lacustrine sand and nearshore beach 
sediments overlain by dune deposits.  The aquifer is underlain by clay-rich tills, which 
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Plate 3.1 The OARC during the summer months.  Macrophyte growth is extensive 
during this period.
52
 increase in elevation towards Grand Bend, Ontario (Steinbachs, 1999).  The OARC 
aquifer is 1-6 m in thickness in the NE region of the OARC and is as thick as 25 m in the 
SW portion (Steinbachs, 1999).  NW and SE ground water flow-divides in the area are 
illustrated in Figure 3.1.  Steinbachs (1999) determined that ground water flow-directions 
in the area result in three discharge zones: Lake Huron, the OARC and Thedford Marsh 
(Fig. 3.2).  
 
OARC discharge is sustained by ground water input (Steinbachs, 1999; Schincariol et al., 
2010).  Since this ground water system is precipitation fed, the OARC water originates 
from direct precipitation input, ground water discharge and surface runoff (Simpson, 
2001).  Steinbachs (1999) developed a conceptual flow model and measured ground 
water flow velocities to assess the potential impact of polluted ground water on the 
OARC.  In the NE portion of the watershed, flow patterns are uncertain and ground water 
may flow directly into the Ausable River.  Figure 3.2 illustrates a cross section along the 
main ground water well transect in the study area (hereafter the ‘Pinery transect’). 
Ground water horizontal flow velocities within the OARC discharge zone are ca. 0.5 
m/day (they range from 0.03 to 0.8 m/day) in the nearshore deposits and an order of 
magnitude lower in the lacustrine sands (Steinbachs, 1999).  Waters entering the aquifer 
at the ground water divides reach the OARC in 3-5 years (Schincariol et al., 2010).  The 
sediments at the base of the OARC impact the discharge rates of ground water in the 
OARC.  Sandy lenses typically have an order of magnitude greater discharge rates into 
the OARC than clayey sediments (>180 mL h-1 m-2 for sand versus <10 mL h-1 m-2 for 
clay; Steinbachs, 1999).  Ground water discharge rates into the OARC decrease 
significantly towards the NE as the thickness of the aquifer decreases (Steinbachs, 1999).  
For the purposes of modeling nitrate source contributions, the OARC has been 
subdivided into three sections similar to those defined by Simpson (2001): ‘Grand Bend’, 
‘Pinery’, and ‘South Dam’.  OARC samples within the Grand Bend section are located in 
the NE portion of the OARC (Fig. 3.1).  We define the Grand Bend section as OARC 
waters located between the headwaters at the NE extend of the OARC through to 4.3 km 
downstream.  The distinction of the Grand Bend and Pinery sections represents a natural 
and anthropogenic break for OARC waters.  For instance, the aquifer thickness in Grand 
53
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 Bend varies between 1-6 m versus 20-30 m in the Pinery and South Dam sections.  
Ground water flow rates in Grand Bend are ca. 0.35 m/yr versus ca. 1.6 m/yr in the 
Pinery (Steinbachs, 1999).  Further, the Grand Bend section is surrounded by residential 
development with the potential for a greater proportion of anthropogenic surface and 
ground water runoff.  Typical channel width of the Grand Bend section is 31 m with a 
mean mid-channel depth of 0.68 m (Maun et al., 2010a).  Grand Bend has a base 
population of 2102 that increases by an order of magnitude during the summer months. It 
occupies an area of 4.74 km2 and has ca. 1830 private dwellings (Statistics Canada, 
2012).  The Grand Bend aquifer is relatively thin and is previously known to exhibit 
elevated nitrate concentrations; septic effluent is entering the OARC in this region 
(Steinbachs, 1999; Schincariol et al., 2010; Mitchell and Bedell, 2009).   
 
The Pinery section extends 4.3 km downstream of the headwaters and terminates at a 
dam located in the central region of the Provincial Park (Fig. 3.1).  The OARC widens 
within the Pinery to maximum of 71 m with a mean mid-channel depth of 1.73 m; 
additionally, the aquifer thickens to a maximum of 25 m (Maun et al., 2010a; Steinbachs, 
1999).  While residential development is restricted within the Pinery, the park receives 
ca. 500,000 visitors each year.  Within Pinery Provincial Park septic systems are a 
potential nitrate source; however, nitrate concentrations are typically much lower than in 
the Grand Bend section (Steinbachs, 1999).  
 
The South Dam section is located south of a dam located centrally in the park through to 
the discharge point at the Ausable River Cut (Fig. 3.1; Simpson, 2001).  The OARC 
channel narrows south of the dam to 51 m wide and a maximum depth of 1.8 m (Maun et 
al., 2010a).  Waters SW of the dam are susceptible to flooding from the Ausable River 
Cut during its periods of elevated discharge (Steinbachs, 1999).  
 
During the summer months, Chara vulgaris is the dominant macrophyte throughout 
much of the OARC.  This is principally due to: elevated concentrations of dissolved salts, 
calcium and magnesium carbonates and bicarbonates; low turbidity in the river channel; 
low phosphorus concentrations in the underlying sediments (Maun et al., 2010b).  Base-
55
 flow in the OARC is slow because groundwater seepage into the river channel is low, and 
OARC waters have long residence times.  Under these conditions Chara vulgaris thrives 
(Maun et al., 2010b).  Macrophyte growth reaches a maximum by midsummer.  In 
portions of the channel, macrophyte growth and detachment is to such an extent that 
floating mats are common in portions of the river channel (Maun et al., 2010b). 
 
3.2 Methods 
3.2.1 Sampling and measurement 
Water samples were obtained throughout the OARC watershed on a monthly basis over a 
two-year period between October 2006 and October 2008 (Fig. 3.1).  Ground water was 
sampled using water-table monitoring wells that were installed with 3.05 m length slotted 
screens.  In all cases, the water table (and slotted screen for sampling) is in close 
proximity to the contact between nearshore deposits and dune sands (Steinbachs, 1999).  
A minimum of 6 litres was purged from the well prior to sampling.  A variety of chemical 
parameters and nitrogen (δ15N) and oxygen (δ18O & Δ17O) isotope compositions have 
been measured for these water samples.  Nitrate concentrations of all samples were 
determined by spectrophotometry following USEPA method 353.2 (O’Dell, 1993).  
Nitrate concentrations are reported in µM NO3- (1 µM NO3- = 6.2e-2 mg/L as NO3- ; 1 µM 
NO3- =  1.4e-2 mg/L as N).  Nitrate oxygen and nitrogen isotope compositions were 
measured by chemical reduction of nitrate (NO3-) to nitrous oxide gas (N2O).  Reduction 
of nitrate to nitrous oxide (N2O) was performed in a two-step procedure utilizing 
cadmium and sodium azide (NaN3) reagents in a protocol similar to that described by 
McIlvin and Altabet (2005) and Schilman and Teplyakov (2007).  The protocol used is 
described in Chapter 2 and Appendix V of this volume.  Nitrous oxide (N2O) was 
analyzed for δ15N, δ18O, and Δ17O using a modified Thermo Finnigan GasBench II purge 
trap system connected online to a Thermo-Finnigan Deltaplus XL mass spectrometer.  
Over the period of this study the international standard IAEA-NO-3 was used to check 
the accuracy of the reported results.  The average measured δ15N of IAEA-NO-3 is +4.7 ± 
0.4 ‰ (all ± herein are standard deviation, n=39 over 22 analytical runs; accepted value = 
+4.7 ± 0.2 ‰, Bohlke and Coplen, 1995); precision as determined from sample 
duplicates is ± 0.7 ‰ (n=63 pairs).  The average measured δ18O of IAEA-NO-3 is +25.8 
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 ± 0.8 ‰ (1σ, n=37 over 22 analytical runs; accepted value = +25.6 ± 0.4 ‰, Böhlke et al., 
2003); precision as determined from duplicate analyses is  ± 1.0 ‰ (n=60 pairs).  The 
average measured Δ17O of IAEA-NO-3 is 0.1 ± 0.8 ‰ (n=31 over 23 analytical runs; 
accepted value = –0.2 ± 0.1 ‰, Michalski et al., 2002); precision as determined from 
duplicate analyses is  ± 0.5 ‰ (n=48 pairs). 
 
3.2.2 SIAR Modeling 
We have used the R software package SIAR (Stable Isotope Analysis in R; R Core Team, 
2014; Parnell et al., 2010) to estimate nitrate source proportions.  The SIAR package 
allows one to account for the known variations in source and sample population stable 
isotope compositions and generates probability distributions for the source inputs (Parnell 
et al., 2010).  SIAR has previously been used to evaluate the nitrate isotope system by 
Xue et al. (2012), who examined a widely distributed set of surface water bodies having a 
range of potential nitrate source contributions in the Flanders region, Belgium.  SIAR 
was originally designed to quantify dietary differences in populations of consumers using 
carbon and nitrogen isotope data (Parnell et al., 2010).  The software is not equipped to 
account for the large fractionations associated with denitrification.  As such, such effects 
must be taken into consideration prior to SiAR modeling; otherwise high δ15N sources 
(such as septic effluents) may be overrepresented in the results. 
 
To our knowledge, Hundey (2014) and this study are the first attempts to employ SIAR 
using the 3-isotope system that is measureable from nitrate (δ15N, δ18O & Δ17O).  This 
expanded use of the SIAR package provides an additional tool for quantifying terrestrial 
and atmospheric nitrate sources in the environment.  The OARC watershed is a good 
setting to test the efficacy of this application of SIAR because the watershed is limited in 
size and its hydrogeology is well understood.  We have modeled this dataset twice: once 
including all three stable isotope measurements and again using only δ15N and Δ17O.  The 
model has been run twice so that the outputs may be compared as well as to test the 
efficacy of just using δ15N and Δ17O.  In addition, the range of δ18O values for most of the 
nitrate sources are broad and overlapping; there may not be much added value in using 
δ18O. The values used for nitrate source isotopic compositions and associated 
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 uncertainties are summarized in Table 3.1.   In the second model that uses only δ15N and 
Δ17O, nitrified ammonium in fertilizer plus rain and nitrate fertilizer have been grouped 
together because these sources have overlapping compositional ranges in this particular 
two-dimensional isotope space. 
 
 
A brief explanation of the nitrate sources outlined in Table 3.1 follows. “NO3- 
precipitation” refers to atmospheric nitrate, which forms by oxidation of nitrous oxides 
(NOx) in the atmosphere.  The majority of NOx originates from the combustion of fossil 
fuels (Kendall et al., 2007).  Atmospheric nitrate has uniquely high oxygen isotope 
compositions arising from oxidation of reactive nitrogen species by atmospheric ozone 
(Thiemens, 2006; Cooney, 2005).  The “NO3- precipitation” oxygen and nitrogen isotope 
compositions used in this study were measured locally from rainwater collected in Pinery 
Provincial Park over a multi-year period.  In order to model nitrate source contributions 
using Δ17O, it is necessary to assume that all terrestrial nitrate sources (NH3 fertilizer and 
NH4+rain, NO3- soil, NH4+ septic and manure, NO3- fertilizer) have Δ17O compositions 
that are 0 ‰.  Terrestrial nitrate sources have oxygen isotope compositions that reflect a 
2/3 contribution from soil water and 1/3 contribution from atmospheric oxygen (Kendall 
et al., 2007), neither of which exhibits non-zero Δ17O values.  While it is likely valid to 
assume Δ17O = 0 ‰ for terrestrial nitrate sources, it is necessary to assign a certain 
degree of uncertainty (SD Δ17O in Table 3.1) to account for some natural variation as 
well as the analytical uncertainty of our measurements.  Analytical uncertainty has been 
calculated from duplicate analyses of 48 natural samples.  We have assigned an 
uncertainty (SD Δ17O in Table 3.1) of ±1 ‰ (2σ to be conservative) for terrestrial nitrate 
sources based on the assumption that our analytical uncertainty, while of high quality, is 
greater than the variations in Δ17O that exist for terrestrial nitrate sources.  
 
Table 3.1 Nitrate Source isotopic compositions used in SIAR.  NO3- Precipitation was measured locally; 
remainder of the data is from Xue et al., (2009)
 (‰, AIR or VSMOW)
NO3-Source mean δ15NNO3- SD δ15NNO3- mean δ18ONO3- SD δ18ONO3- mean Δ17ONO3- SD Δ17ONO3- 
NO3- Precipitation +1.7 3.9 +68.9 9.1 +25.2 3.2
Nitrified NH3 Fertilizer and NH4+ Rain –1.4 4.5 +7 5.5 0 1
NO3- Soil +4.1 2.8 +7 5.5 0 1
Nitrified NH4+  Septic and Manure +16.2 6.2 +7 5.5 0 1
NO3- Fertilizer +0.7 3.1 +21.5 2.4 0 1
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 For all remaining nitrate sources, the nitrate isotope compositional ranges are drawn from 
a review by Xue et al. (2009) (see Table 3.1). “NH3 fertilizer and NH4+ rain” refers to 
ammonia in inorganic fertilizer and ammonium in precipitation that has been converted to 
nitrate.  Inorganic fertilizer has low δ15N values because the manufacturing process 
involves oxidation of atmospheric nitrogen (Kendall et al., 2007).  Ammonium in rain has 
nitrogen isotope compositions that reflect atmospheric nitrogen isotope compositions 
(0 ‰; Kendall et al., 2007).  NH3 fertilizer and NH4+ in rain have been grouped together 
because of their overlap in variations of δ15N.  “NO3- soil” is the soluble nitrate pool 
found in soils.  “NH4+ septic and manure” refers to nitrate resulting from the nitrification 
of septic and manure waste.  “NO3- fertilizer” refers to synthetic nitrate fertilizer.  The 
elevated δ18O value of nitrate fertilizer compared to terrestrial nitrified sources results 
from the high temperature oxidation of N2 with atmospheric O2 (which has a δ18O value 
of +23.5 ‰; Kendall et al., 2007).  
 
3.3 Results and Discussion 
Monthly sampling of OARC waters was conducted between October 2006 and October 
2008 (full database in Appendix II). The nitrate oxygen (δ18ONO3-, Δ17ONO3-) and nitrogen 
(δ15NNO3-) isotope compositions of OARC waters are highly variable.  Figure 3.3 
illustrates the variation of OARC δ15NNO3- relative to δ18ONO3- and Δ17ONO3- values; the 
data are colour-coded according to the distance from the OARC headwaters in Grand 
Bend, Ontario.  Boxed fields illustrate known ranges of possible nitrate sources.  Closest 
to the headwaters in Grand Bend, the OARC exhibits elevated δ15NNO3- as well as low 
δ18ONO3- and Δ17ONO3- values (Fig. 3.3).  Downstream, δ15NNO3- values progressively 
decrease and δ18ONO3- and Δ17ONO3- increase. The most southwesterly OARC sampling 
locations have nitrate isotope compositions that overlap the range of results measured for 
the Grand Bend and Pinery section sampling sites.  Nitrate isotope and concentration data 
are shown relative to the distance from the headwaters in Figure 3.4.  OARC sites that 
host elevated nitrate concentrations tend to exhibit elevated δ15NNO3- values and relatively 
lower δ18ONO3- and Δ17ONO3- values.  OARC waters exhibit large seasonal fluctuations in 
nitrate concentration, tending to be relatively high during the December-March period 
and low during the July-November period (Fig. 3.5).  Nitrate concentrations during the 
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Figure 3.4 The δ15NNO3-, δ18ONO3-, Δ17ONO3- and concentration of OARC nitrates versus 
distance from the OARC origin in Grand Bend. The grey dashed lines reflect the OARC 
section divides.  This plot, in part, has been generated in R (R Development Core Team, 
2014).
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 height of the summer months were commonly too low to be analyzed for stable isotope 
composition.  A more detailed analysis of these variations follows next for each 
geographic section of the OARC.  
 
3.3.1 Grand Bend Section  
OARC sample sites 0.5-4.3 km from the headwaters are located in proximity to the town 
of Grand Bend, Ontario (Fig. 3.1).  OARC samples within this region have high δ15NNO3- 
and low δ18ONO3-, and have Δ17ONO3- values that are close to 0 ‰ (Fig. 3.3).  Such values 
are consistent with the results of Steinbachs (1999) and Schincariol et al. (2010), who 
concluded that nitrate in OARC waters within Grand Bend, Ontario, is dominated by 
septic effluent sources.  The Municipality of Lambton Shores commissioned Golder 
Associates Ltd. to assess the water quality of OARC waters and aquifers in the Grand 
Bend region (Mitchell and Bedell, 2009).  These studies found aquifer nitrate 
concentrations ranging from 50 to 190 µM (as NO3-) in close proximity to the OARC and 
concentrations as high as 414 µM in close proximity to Lake Huron.  They concluded 
that Grand Bend ground water is contaminated by septic effluent.  OARC nitrate 
concentrations at a site in close proximity to our sampling site BF-2 (Fig. 3.1) had values 
ranging from 7 to 278 µM (avg. 35 µM, N=15) from November 2008 to January 2011 
(Mitchell and Bedell, 2009), similar to the concentrations that we have observed.  
 
Nitrate concentrations in the Grand Bend section of OARC waters exhibit large temporal 
fluctuations (Fig. 3.5, Table 3.2).  Concentrations are highest during December-March 
with an average of 72 µM (max 308 µM in March, 2007) and lowest during July-
November with an average of 6 µM (Fig. 3.5; samples with the highest concentrations 
have been truncated from concentration plots because of graphical scaling issues).  
During the period of investigation, only once did the nitrate concentration of the OARC 
exceed the Canadian water guidelines for the protection of aquatic life (210 µM NO3- or 
13 mg/L NO3-; Canadian Council of Ministers of the Environment, 2012).   
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Despite large seasonal variations in nitrate concentration, there are no appreciable 
differences in δ15NNO3-, δ18ONO3- and Δ17ONO3- between the winter-spring and summer-fall 
time periods.  A significant change in the source of nitrate would likely result in a 
discernable shift in the stable isotope compositions of nitrate in the OARC.   
 
Denitrification is one possible mechanism that could account for the significant decrease 
in nitrate concentration during July-November since eutrophication peaks in the OARC 
during the summer months (Schincariol et al., 2010).  It is important to consider 
Table 3.2 Nitrate concentration (µM), δ15NNO3-  , δ18ONO3-, Δ17ONO3-
 (‰, AIR or VSMOW) for all OARC zones
Grand Bend Section [NO3-] δ15NNO3- δ18ONO3- Δ17ONO3- 
Year
Average 32 +9.8 +4.3 +1.9
Standard Deviation 50 +3.3 +5.4 +1.6
December-March
Average 72 +9.9 +2.3 +1.5
Standard Deviation 67 +3.1 +1.8 +0.8
July-November
Average 6 +9.9 +3.0 +1.6
Standard Deviation 8 +2.4 +4.2 +2.2
Pinery Section
Year
Average 5 +5.3 +25.9 +9.0
Standard Deviation 6 +2.9 +9.6 +5.7
December-March
Average 11 +4.9 +27.4 +9.0
Standard Deviation 6 +2.4 +9.6 +5.7
July-November
Average 1 +4.2 +25.9 -
Standard Deviation 2 +5.0 +15.2 -
South Dam section
Year
Average 7 +8.3 +14.4 +5.5
Standard Deviation 9 +4.3 +8.7 +4.1
December-March
Average 17 +6.6 +16.2 +7.1
Standard Deviation 13 +3.7 +8.9 +4.1
July-November
Average 2 +7.0 +11.6 +2.3
Standard Deviation 3 +4.4 +7.3 +2.1
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 denitrification prior to SIAR modeling since the model does not account for stable 
isotope fractionations of this type.  Lehmann (2003) has described the effect of 
denitrification on the nitrate isotope system as a depletion of the nitrate reservoir coupled 
with an increase in δ15NNO3- and δ18ONO3- of the residual nitrate.  Assuming that 
denitrification is the primary source of nitrate removal during the summer months, and 
that the system is closed, it is possible to model the change in δ15NNO3- and δ18ONO3- 
values using the Rayleigh equation, shown below for the nitrogen system: 
 
(1) δ15N = δ15Ni + εln f, 
 
where f is the fraction of nitrate remaining (in this instance determined by taking the ratio 
of summer to winter nitrate concentrations) and δ15Ni is the initial nitrate isotope 
composition (winter value); ε values used were –11.2 ‰ for δ15NNO3- and –6.6 ‰ for 
δ18ONO3- (Lehmann et al., 2003).  Based on this model, if denitrification is the primary 
process of nitrate removal during the summer months we estimate that the residual nitrate 
would have a δ15NNO3- of +37.4 ‰ and a δ18ONO3- of +18.5 ‰.  Since denitrification is 
mass-dependent fractionation process, the resultant change in Δ17ONO3- resulting from 
denitrification is 0 ‰. Thus, if denitrification is occurring in the OARC, it is to such a 
limited extent that it is not discernable from the stable isotope data.  We suggest instead 
that the significant temporal oscillations in nitrate concentrations in the OARC result 
from the increased rate of nitrate assimilation arising from high macrophyte productivity 
in the OARC during summer months.  
 
Model SIAR results of the nitrate source contributions are summarized in Figure 3.6. The 
data have been modeled first including all three stable isotope measurements, and then 
using only δ15NNO3- and Δ17ONO3- because the propagated uncertainties are smaller.  Both 
model runs produced equivalent results.  Slightly greater than half of the nitrate in the 
Grand Bend section originates from nitrification of septic and manure sources.  Soil 
nitrate is the second largest nitrate source followed by fertilizers and ammonium in rain. 
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Figure 3.6 SIAR model results for Pinery OARC sections and ground water.  NO3
- ATM – 
atmospheric nitrate, Afert&rain – nitrified ammonium in fertilizer and precipitation, NO3
- 
Soil – soil nitrate, Asepman – nitrified ammonium in septic and manure, NO3
- Fert – nitrate 
fertilizer.  The dashed lines associated with each source represent the propagated uncetainty  
for each nitrate source.  
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3.3.2 Pinery Section 
The Pinery section (Fig. 3.1) of the OARC includes all sampling sites located between 
5.8-10 km from the OARC headwaters; these sites are within the Pinery Provincial Park 
borders. Pinery waters have fewer potential terrestrial contaminant sources and its 
adjacent aquifers exhibit higher discharge rates than the NE portion of the OARC.  Water 
in the Pinery section of the OARC is dominantly recharged by precipitation via surface 
and ground water discharge (Simpson, 2001).  OARC nitrate within the Pinery has lower 
δ15NNO3- and higher δ18ONO3- and Δ17ONO3- values relative to the Grand Bend section (Figs. 
3.3 & 3.4, Table 3.2).  Nitrate concentrations are most elevated during December-March 
with an average of 11 µM (max 20 µM) and lowest during July-November with an 
average of 1 µM (max 11 µM, Fig. 3.5).  SIAR modeling suggests that nitrate in Pinery 
section waters are derived from a mixture of atmospheric and terrestrial nitrate sources 
(Fig. 3.6).  We note, however, there are fewer nitrogen and oxygen isotope measurements 
for Pinery section waters because the concentrations were commonly insufficient for 
isotopic analysis.  In particular, nitrate concentrations in the Pinery section exhibit 
temporal oscillations, much like Grand Bend section samples, resulting in a bias of the 
stable isotope data to winter months.  Compared to Grand Bend waters, the Pinery section 
exhibits a similar scale of variability in δ15NNO3- and much greater variation in δ18ONO3- 
and Δ17ONO3- (Table 3.2 & Fig. 3.5).   
 
Rainwater in Pinery Provincial Park has a weighted average nitrate concentration (by 
volume) of 14 µM (concentrations as high as 42 µM) and average δ15NNO3-, δ18ONO3- and 
Δ17ONO3- values of +1.9 ± 4.4 ‰, +71.5 ± 20.3 ‰ and +26.3 ± 6.4 ‰, respectively.  
Rainwater discharge on a monthly basis at Pinery Provincial Park is illustrated in Figure 
3.5.  We believe that the variability in oxygen isotope compositions of Pinery section 
nitrates is attributable to variability in precipitation discharge (which can have similar or 
higher nitrate concentrations) into the OARC.  Although OARC aquifers are recharged 
by precipitation, changes in ground water discharge rates into the OARC are unlikely to 
fluctuate to the same extent as surface water runoff.  Sporadic discharge of surface water 
runoff, by comparison, may be a dominant factor in controlling the nitrate abundance in 
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 regions of the OARC that have low nitrate concentrations.  The SIAR model results for 
the Pinery section waters estimate that the single largest contributor of nitrate in the 
Pinery section is atmospheric nitrate (mean values of 31 & 36 % NO3- ATM for each 
model run, respectively; Fig. 3.6).  The remainder of the SIAR-predicted nitrate present 
in the Pinery section is derived, in similar proportions, from all terrestrial nitrified 
sources. 
 
3.3.3 South Dam Section 
South Dam waters are separated from the Pinery section by a dam and discharge into the 
Ausable River Channel Cut (ARC; Fig. 3.1).  The nitrate concentrations at sites between 
the dam and the ARC (Fig. 3.1) are most elevated during December-March with an 
average of 17 µM (max 37 µM) and lowest during July-November with an average of 2 
µM (max 13 M, Fig. 3.5, Table 3.2).  The ARC, which periodically back-floods into the 
OARC (Steinbachs, 1999), exhibits average nitrate concentrations of 308 µM (max 936 
µM) and average δ15NNO3-, δ18ONO3- and Δ17ONO3- values of +10.6 ± 2.8 ‰, +2.2 ± 3.4 ‰ 
and +0.9 ± 0.6 ‰, respectively (represented by a box field in Fig. 3.3).  The nitrate 
isotope compositions of South Dam waters are highly variable with some samples 
resembling ARC nitrate and others having relatively low δ15NNO3- and high δ18ONO3- and 
Δ17ONO3- values (Figs. 3.3 & 3.4), similar to the Pinery Section.  The high variability of 
nitrate isotope compositions in South Dam waters is almost certainly attributable both to 
back flooding from the ARC and variability in rainwater flux (the latter also being the 
case for the Pinery section).  Model results from SIAR suggest that the largest single 
source of nitrate in the South Dam section is nitrified manure and septic waste (37 ± 13 
%) followed by soil nitrate (23 ± 17 ‰)  (Fig. 3.6). 
 
3.3.4 Ground water 
OARC ground water sites include four locations along a transect of Pinery Provincial 
Park and a single site ca. 1.3 km NE of the Pinery transect (BF-9; Fig. 3.1).   These well 
sites are located within the Lake Huron, OARC and Thedford Marsh discharge zones.  As 
noted earlier, ground water was sampled through 3.05 m slotted screens that were 
installed in proximity to the water table.  Steinbachs (1999) noted that nitrate 
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 concentrations above the analytical detection limit were not found at depths greater than 
6 m from the water table (likely due to denitrification).  Sampling for nitrate within the 
upper portion of the aquifer may not be representative of the spectrum of geochemical 
transformations going on in the aquifers; however, the data are representative of the 
nitrate discharging into Lake Huron, the OARC and Thedford Marsh since denitrification 
is removing the nitrate from the deep aquifer. 
 
3.3.4.1 Pinery Transect sites 
All ground water well sites along the Pinery transect shown in Figures 3.1 & 3.2 have 
δ15NNO3- values averaging +2.5 ± 1 ‰.  These values are indicative of a mixture of low 
δ15N sources (nitrified ammonium in rain, fertilizer, soil nitrate, and rainwater nitrate).  
The ranges of oxygen isotope compositions (δ18ONO3- = –8.7 to +16.5 ‰, Δ17ONO3- = –0.1 
to +7.6 ‰) are indicative of a mixture of terrestrial nitrified and atmospheric sources (Fig. 
3.7).  Sites closest to Lake Huron have the most elevated oxygen isotope compositions.  
Ground water sites with the highest δ18ONO3- and Δ17ONO3- values tend to have the highest 
nitrate concentrations (e.g., sites BF-24 and BF-25; Figs. 3.1 and 3.8).  
 
While denitrification of nitrate is likely occurring at depth, we must consider if the near 
water table samples exhibit these effects.  If denitrification were a mechanism governing 
the patterns illustrated in Figures 3.7 and 3.8, we would expect increases in δ15NNO3- and 
δ18ONO3- to be associated with decreases in nitrate concentration and for there to be no 
measurable change in Δ17ONO3- among all the well sites individually over time.  We have 
observed no such patterns.  There are septic tile fields along the Pinery transect (Fig. 3.4); 
site BF-24 is adjacent and downstream of a septic tile field.  However, the nitrogen 
isotope data are not indicative of septic effluent in the Pinery transect ground water.  The 
nitrate nitrogen and oxygen isotope compositions and concentrations of ground water 
along the OARC transect are indicative of a mixture of low δ15N terrestrial nitrified 
sources (nitrified ammonium in rain, fertilizer, soil nitrate, and rainwater nitrate) and 
atmospheric nitrate.  In particular, for sites BF-24 and BF-25, elevated Δ17ONO3- in 
ground water can be directly attributed to a greater proportion of atmospheric nitrate.   
 
69
δ1
5 N
N
O
3-
 (p
er
 m
il, 
AI
R)
δ
18
O
NO3-
 (per mil, VSMOW) −1
0−5051015
0
2
4
6
8
10
δ1
5 N
N
O
3-
 (p
er
 m
il, 
AI
R)
0
2
4
6
8
10
Δ
17
O
NO3-
 (per mil, VSMOW)
02468
So
il 
N
O
3-
Se
pt
ic
 a
nd
 
M
an
ur
e 
N
O
3-
Se
pt
ic
 a
nd
 M
an
ur
e 
N
O
3-
So
il 
N
O
3-
Nitrification range
Nitrification 
A
tm
os
ph
er
ic
 N
itr
at
e
δ1
8 O
N
O
3-
 +
50
.0
 to
 +
85
.7
 ‰
 
δ1
5 N
N
O
3-
 –
8.
9 
to
 +
9.
8 
‰
N
itr
at
e 
Fe
rti
liz
er
δ1
8 O
N
O
3-
 +
18
.0
 to
 +
25
.0
 ‰
  
δ1
5 N
N
O
3-
 –
3.
8 
to
 +
5.
2 
‰
A
tm
os
ph
er
ic
 N
itr
at
e
Δ1
7 O
N
O
3-
 +
18
.3 
to 
+3
0.8
 ‰
 
δ1
5 N
N
O
3-
 –
8.
9 
to
 +
9.
8 
‰
 
N
H
4+
 F
er
t +
 R
ai
n
N
itr
ifi
ed
 N
H
4+
 F
er
t +
 R
ai
n
Fe
rti
liz
er
 N
O
3-
Ap
pr
ox
 D
ist
.
H
w
y 
21
 (m
)
Si
te
 C
od
e
BF
-2
2 
 
60
BF
-2
3 
 
83
0
BF
-2
4 
 
15
60
BF
-2
5 
 
24
00
BF
-9
 
 
20
00
N
ot
 in
 Tr
av
er
se
Fi
gu
re
 3
.7
 O
xy
ge
n 
an
d 
ni
tro
ge
n 
is
ot
op
e 
co
m
po
si
tio
ns
 o
f O
A
R
C
 g
ro
un
dw
at
er
s;
 d
at
a 
po
in
t c
ol
ou
rs
 c
or
re
sp
on
d 
to
 d
is
ta
nc
e 
fr
om
 H
ig
h-
w
ay
 2
1,
 O
nt
ar
io
 a
s s
ho
w
n 
in
 F
ig
ur
e 
3.
1.
  E
rr
or
 b
ar
s a
s d
et
er
m
in
ed
 fr
om
 d
up
lic
at
e 
an
al
ys
es
.  
 T
he
 b
ra
ck
et
s i
nd
ic
at
e 
th
e 
ra
ng
e 
of
 is
ot
op
e 
co
m
po
si
tio
ns
 e
xp
ec
te
d 
fo
r e
ac
h 
ni
tra
te
 so
ur
ce
 (X
ue
 e
t a
l.,
 2
00
9;
 K
en
da
ll 
et
 a
l.,
 2
00
7)
. A
tm
os
ph
er
ic
 n
itr
at
e 
st
ab
le
 is
ot
op
e 
co
m
po
si
tio
ns
 
w
er
e 
m
ea
su
re
d 
lo
ca
lly
 fr
om
 p
re
ci
pi
ta
tio
n.
  T
hi
s 
pl
ot
, i
n 
pa
rt,
 h
as
 b
ee
n 
ge
ne
ra
te
d 
in
 R
 u
si
ng
 L
at
tic
e 
(R
 D
ev
el
m
en
t C
or
e 
Te
am
, 2
01
4;
 
Sa
rk
ar
, 2
00
8)
.
70
δ1
5 N
N
O
3-
 (p
er
 m
il, 
AI
R)
δ
18
O
NO3-
 (per mil, VSMOW) −1
0−5051015
0
2
4
6
8
10
δ1
5 N
N
O
3-
 (p
er
 m
il, 
AI
R)
0
2
4
6
8
10
Concentration NO
3
-
 (μM)
Δ
17
O
NO3-
 (per mil, VSMOW)
02468
0102030405060
0 6
0
830
2040
Di
sta
nc
e H
W
Y 
21
 (m
)
Concentration NO3 (μM)
15
60
20
00
24
00
Fi
gu
re
 3
.8
 O
xy
ge
n 
an
d 
ni
tro
ge
n 
is
ot
op
e 
co
m
po
si
tio
ns
 o
f O
A
R
C
 g
ro
un
dw
at
er
s;
 d
at
a 
po
in
t c
ol
ou
rs
 c
or
re
sp
on
d 
to
 th
e 
co
nc
en
tra
tio
n 
of
 n
itr
at
e 
sh
ow
n 
in
 th
e 
co
lo
ur
 in
de
x 
on
 th
e 
rig
ht
.  
Er
ro
r b
ar
s a
s d
et
er
m
in
ed
 fr
om
 d
up
lic
at
e 
an
al
ys
es
 a
re
 sh
ow
n.
  T
he
 in
se
t g
ra
ph
 
sh
ow
s t
he
 d
is
ta
nc
e 
fo
rm
 H
ig
hw
ay
 2
1,
 O
nt
ar
io
 v
er
su
s g
ro
un
dw
at
er
 n
itr
at
e 
co
nc
en
tra
tio
ns
. T
hi
s p
lo
t, 
in
 p
ar
t, 
ha
s b
ee
n 
ge
ne
ra
te
d 
in
 
R
 u
si
ng
 L
at
tic
e 
(R
 D
ev
el
op
m
en
t C
or
e 
Te
am
, 2
01
4;
 S
ar
ka
r, 
20
08
).
71
 SIAR modeling suggests that soil nitrate (average of models 39 ± 2 %) and nitrified 
ammonium in fertilizer plus rain (average of models 36 ± 5 %) are the dominant sources 
of nitrate along the OARC transect (Fig. 3.6).  Septic and manure nitrate sources are only 
minor contributors to the Pinery transect ground water well sites. Since fertilizer use is 
unlikely within the Pinery Provincial Park, low δ15N terrestrial nitrified sources are more 
likely to include soil nitrate and nitrified ammonium in rainwater.  Atmospheric nitrate 
loading is low at sites BF-22 to 24 (10-12 %) but increases at BF-25 (22 %).  Site BF-25 
is adjacent to a relatively large dune ridge; the nitrate stable isotope results indicate that 
atmospheric loading at this site is the least diluted by terrestrial nitrate sources of all 
ground water sites investigated.  
 
3.3.4.2 Site BF-9 
Site BF-9 is ~2000 m from Highway 21 and ~1300 m Northeast of the Pinery transect 
(Fig. 3.1).  Nitrates concentrations at site BF-9 are low (average 8 µM).  This site exhibits 
high δ15NNO3- and low δ18ONO3- and Δ17ONO3- values relative to the Pinery transect (Figs. 
3.7 & 3.8).  The elevated δ15NNO3- values and low nitrate concentrations may indicate that 
BF-9 contains a residual nitrate pool resulting from denitrification or that septic effluent 
is a prominent nitrate source. Since the corresponding δ18ONO3- values do not increase 
with δ15NNO3-, denitrification does not appear to be a major factor at site BF-9.  
Alternatively, we note that septic fields are situated throughout Pinery Provincial Park.  
The nitrate nitrogen and oxygen isotope compositions are indicative of a greater 
proportion of nitrified septic effluents as compared to sites along the OARC ground water 
transect.  The range of nitrate oxygen isotope compositions is suggestive of a mixing 
trend among nitrified ammonium in precipitation, soil nitrate and septic tile effluent.  
SIAR modeling estimates that site BF-9 is dominated by nitrate from nitrified fertilizer + 
rain, soil nitrate, and manure + septic sources (Fig. 3.6). 
 
3.4 Conclusions 
The SIAR package implemented in R is an effective tool for quantification of nitrate 
sources in a watershed.  We have shown that in different regions of a watershed that 
exhibited varied hydrologic conditions, the SIAR model can identify discernable 
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 differences in nitrate source contributions.  By measuring Δ17ONO3- values alongside 
δ15NNO3- and δ18ONO3-, it is possible to model the extent of atmospheric nitrate loading in 
a watershed with a high level of confidence because of a combination of 2 factors: (1) the 
uncertainty associated with the Δ17ONO3- value of terrestrial nitrified sources is limited 
because the oxygen originates from sources with Δ17O values of 0 ‰; and (2) 
atmospheric nitrate source oxygen and nitrogen isotope compositions can easily be 
measured locally (unlike other sources) through the monthly collection of precipitation 
and therefore the range of isotopic compositions used as input into the SIAR model are 
well constrained and locally appropriate. 
 
While the Old Ausable River Channel is limited in size, its different sections exhibit large 
differences in nitrate source contributions.  The Grand Bend section to the Northeast 
exhibits relatively high concentrations of nitrate enriched in 15N, which is indicative of 
large inputs from nitrified septic and manure effluent.  To the Southwest, the Pinery 
section of the OARC has relatively low nitrate concentrations and the largest single 
contributor is atmospheric nitrate with the remainder evenly split among terrestrial 
nitrified sources.  Large oscillations in the oxygen isotope composition of nitrate in the 
Pinery section are attributed to the sporadic nature of precipitation events, which 
typically have similar concentrations of nitrate enriched in both 18O and 17O.  The OARC 
South Dam section exhibits background nitrate concentration and stable isotope 
compositions similar to the Pinery section.  However, during high-flow events in the 
Ausable River Cut (normally the outlet of the OARC), the South Dam section is 
periodically back-flooded with nitrate-rich water having elevated δ15NNO3- values. 
 
Nitrates in the Pinery transect ground water originate from a mixture of low δ15N sources 
including nitrified ammonium in rain, fertilizer, soil nitrate, and atmospheric nitrate.  
There is no significant variation in ground water δ15NNO3- values across the Pinery 
transect.  Ground water sampling sites closer to Lake Huron contain larger contributions 
from atmospheric nitrate.  Sites on the SE side of the OARC contain a larger proportion 
of terrestrial nitrified sources, which likely include nitrified ammonium from rainwater 
and nitrified organic matter.  Ground water site BF-9, located 1.3 km Northeast of the 
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 Pinery transect, contains a mixture of terrestrial nitrified sources including nitrified from 
ammonium in rain, soil nitrate and septic effluent.  This ground water well site is likely 
receiving nitrate input from a diluted septic field within Pinery Provincial Park. 
 
The Old Ausable River Channel exhibits large temporal and spatial variations in nitrate 
concentration and isotope compositions.  Spatial variations of OARC waters can be 
attributed to the following factors:  (1) land use and the associated anthropogenic effects, 
as well as relative differences in aquifer thickness in the Grand bend section of the 
OARC, have resulted in elevated δ15NNO3- values that reflect elevated septic effluents;  
(2) largely recharged by precipitation, Pinery section waters contain higher relative 
contributions from atmospherically derived nitrate than other parts of the OARC, and 
terrestrial sources for the Pinery section are mixed; and  (3) periodic back flooding from 
the Ausable River results in periodic influx of nitrate with elevated δ15NNO3- values.   
 
Macrophyte productivity and associated eutrophication peak during the summer period in 
the Pinery.  This time period is associated with strong decreases in nitrate concentrations; 
this effect appears to be related to nitrate uptake rather than denitrification.  The nitrate 
stable isotope compositions remain invariant during these oscillations in concentration, 
from which we conclude that OARC nitrate isotope compositions reflect nitrate source 
isotopic compositions.  From an ecological management perspective, the diversion of 
septic effluents may have positive effect on Grand Bend section waters; the negative 
impact of these effluents appears to be relatively localized.  
 
In regions devoid of appreciable inputs of terrestrial anthropogenic nitrate, atmospheric 
nitrate can be an important input to a system.  Ice cores, for example, exhibit a high 
fidelity temporal record of this type of deposition (Alexander et al., 2004) and the high 
plains of the Atacama are an extreme example of atmospheric nitrate deposition 
(Michalski et al., 2004).  In a less extreme example, Costa et al. (2011) used Δ17ONO3- 
measurements of nitrate to determine that soil waters in a forested ecosystem in Northern 
Michigan contained 9 % un-cycled atmospheric nitrate.  The Pinery section of the OARC 
watershed is a productive ecosystem with a diverse assemblage of terrestrial nitrate 
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 sources; nonetheless, our SIAR model of nitrate sources has determined that 31-36 % of 
this nitrate can be attributed to atmospheric nitrate sources.  The majority of atmospheric 
nitrate is anthropogenic in nature and, as illustrated in the subsequent chapter of this 
thesis, the regional transport patterns of nitrogen oxides are critical in understanding the 
sources of atmospheric nitrate.  
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Chapter 4 
 
4 The Nitrogen and Oxygen Isotope Compositions of Nitrate in Precipitation in 
Pinery Provincial Park and London, Ontario 
 
4.1 Introduction 
We report nitrate nitrogen and oxygen isotope compositions for monthly sampled 
precipitation from two sites in Southwestern Ontario.  The London, Ontario (herein 
London) rooftop collection site is situated on the campus of the University of Western 
Ontario (decimal degrees latitude/longitude: 43.01040/-81.271420), and thus located 
centrally within Southwestern Ontario, Canada (Fig 4.1).  The Pinery Provincial Park site 
(herein Pinery) is located on a topographic high (dune ridge) within Pinery Provincial 
Park, Ontario (decimal degrees latitude/longitude: 43.25049/-81.84924) on the shores of 
Lake Huron (Fig 4.1).  This proximity to Lake Huron, the world’s third largest freshwater 
lake by surface area, may have some influence on the balance of atmospheric NOx 
reactions (1-9), which are described below.  The dataset collected spans the period from 
December 2007 to November 2009.  The goal of this work is to better delineate temporal 
variations in nitrate isotopes in precipitation and the connection of these variations to 
regional nitrate sources and atmospheric reactions governing nitrate formation pathways. 
 
Atmospheric nitrate forms by the oxidation of natural and anthropogenic nitrogen oxides 
(herein NOx = NO + NO2).  The sources of NOx emissions in the atmosphere include 
fossil fuel combustion (63 %), biomass burning (14 %), soils (11 %), lightning (10 %), 
aircraft (1 %) and the stratosphere (1 %) (Ehhalt et al., 2001).  Nitrate is the main reaction 
product of NOx reactions in the atmosphere.  Relevant reactions that remove NOx from 
the atmosphere are summarized by Fang et al. (2011) and reviewed in detail by Calvert et 
al. (1985):   
 
(1) NO + O3 ⇒  NO2 + O2 
(2) NO2 + hv ⇒ NO + O* 
(3) O2 + O* ⇒ O3 
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Figure 4.1 Outline map of Ontario showing the locations of London (blue), 
Pinery Provincial Park (green) and the Turkey Lakes Watershed (red).  Modi-
fied from Natural Resources Canada (2002).
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(4) NO2 + OH* ⇒ HNO3 
(5) O3  + hv ⇒ O* + O2 
(6) O* + H2O ⇒ 2OH 
(7) NO2 + O3 ⇒ NO3*+ O2 
(8) NO3*+ NO2  ⇒ N2O5 
(9) N2O5 + H2O ⇒ 2HNO3 
 
These reactions involve radial species as discussed by Calvert et al. (1985).  Reactions (1-
3) occur during the day and govern the concentration of ozone in the troposphere.  Nitric 
oxide (NO) is the dominant NOx species emitted into the troposphere and during the 
daytime equilibrates to nitrogen dioxide (NO2) within minutes of release (reactions 1,2).  
Nitrogen dioxide is oxidized to nitrate in a number of reactions involving OH radical, 
ozone (O3), nitrate (NO3-), and dinitrogen pentaoxide (N2O5) (reactions 4-7).  
Atmospheric OH radical concentrations are governed by the concentration of 
hydrocarbons, NOx, humidity and solar intensity.  OH radical concentrations are highest 
in the atmosphere during the summer months and thus reaction (4) is most prevalent 
during this time (Calvert et al. 1985).  The winter period produces fewer oxidants 
responsible for producing hydroxyl in the atmosphere because of the light levels that are 
essential to reaction (5).  As a result, less atmospheric hydroxyl is produced from reaction 
(6).  Nitrogen dioxide reacts with ozone during the nighttime and winter months to 
produce nitrate radicals and dinitrogen pentaoxide (7,8).  Dinitrogen pentaoxide 
undergoes hydrolysis to nitric acid as shown in reaction (9).  Reactions (1-9) have an 
influence on the isotopic composition of atmospheric nitrate.   
 
In temperate climates wet deposition is the dominant component of total nitrogen 
deposition (Elliott et al., 2009).  Figure 4.2 illustrates the expected ranges, sources and 
effects that govern the oxygen and nitrogen isotope compositions of atmospheric nitrate 
measured from precipitation.  The nitrogen isotope composition of atmospheric nitrate 
reflects the δ15N of NOx emissions.   
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Anthropogenic NOx originates from two principal end members: fuel and thermal 
sources (Fang et al., 2011; Snape et al., 2003).  Fuel sources can be defined as NOx 
emissions in which the nitrogen is derived from a component of the fuel.  For thermal 
sources, the NOx nitrogen is derived from atmospheric N2.  Felix et al. (2012) provide a 
good overview of the nitrogen isotope compositions of the various NOx sources; we 
summarize these data in Figure 4.2.  NOx emissions that are dominantly fuel-derived 
nitrogen (e.g. coal power and biomass burning) are enriched in 15N relative to 
atmospheric nitrogen (Fig. 4.2).  Thermal NOx (e.g. largely the component of vehicular 
emissions) exhibit δ15N values more similar to atmospheric N2 (0 ‰) (Fig 4.2; Fang et al., 
2011).  Soil NOx emissions tend to be very depleted of 15N (Fig. 4.2).  Reactions that 
produce nitrate from NOx emissions likely result in slightly lower nitrate nitrogen 
isotopic compositions (δ15NNO3-) than illustrated in Figure 4.2, but the exact size of the 
fractionation remains to be determined  (Felix et al., 2012).  
 
The oxygen isotope composition of atmospheric nitrate (δ18ONO3-, Δ17ONO3-) is largely 
controlled by the intensity of solar (ultra violet) radiation in the atmosphere.  As such, 
atmospheric nitrate oxygen isotope compositions exhibit seasonal oscillations driven by 
the relative dominance of reactions that utilize as much as 33% hydroxyl (the balance 
being ozone) versus those that are more greatly dominated by ozone oxidation (Fig 4.2; 
Michalski et al., 2003; Hastings et al., 2003; Alexander et al., 2009).  In summary, 
reactions involving hydroxyl during the formation of nitrate incorporate a lesser 
proportion of atmospheric ozone in the product nitrate.  The 18O and 17O contents of 
atmospheric nitrate are highly enriched relative to terrestrial nitrate sources because of 
NOx oxidation by ozone.  The high δ18O and Δ17O values of atmospheric ozone result 
from mass-independent isotopic fractionation.  Tropospheric ozone has typical δ18O and 
Δ17O values, as measured from ground-based sampling, ranging from +82 to +91 ‰ and 
+21 to +31 ‰, respectively (Johnston and Thiemens, 2004). 
 
4.2 Methods 
Precipitation samples were collected using a MIC type-A precipitation collector.  When 
precipitation is not in progress, the collector lid remains shut and sealed to prevent 
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evaporation and contamination.  Monthly precipitation amounts are measured at each site 
from amounts present in the precipitation collectors.  Some gaps in the dataset, 
particularly in the Pinery Provincial Park data, resulted from mechanical failure of the 
precipitation collector.  Temperature data were obtained from Environment Canada 
historical archives from London Ontario (Environment Canada, 2013). 
 
Nitrate concentrations of all samples were determined by spectrophotometry in a manner 
principally similar to USEPA method 353.2 (O’Dell, 1993).  Nitrate concentrations are 
reported as µM NO3- (1 µM = 6.2e-2 mg/L as NO3- = 1.4e-2 mg/L as N).  Nitrate oxygen 
and nitrogen isotope compositions were measured by chemical reduction of nitrate to 
nitrous oxide.  Reduction of nitrate to nitrous oxide was performed in a two-step 
procedure utilizing cadmium and azide reagents in a protocol similar to that described by 
McIlvin and Altabet (2005) and Schilman and Teplyakov (2007).  This protocol is 
described in detail in Chapter 2.  Nitrous oxide was analyzed for δ15N, δ18O, and Δ17O 
using a modified Thermo Finnigan GasBench II purge trap system connected online to a 
Thermo-Finnigan Deltaplus XL mass spectrometer.  Over the period of this study the 
international standard IAEA-NO-3 was used to check the accuracy of the reported results.  
The average measured δ15N of IAEA-NO-3 is +4.7 ± 0.4 ‰ (1σ, n = 39 over 22 
analytical runs; accepted value +4.7 ± 0.2 ‰ from Bohlke and Coplen, 1995); precision 
as determined from sample duplicates is ±0.7 ‰ (n = 63 pairs).  The average measured 
δ18O of IAEA-NO-3 is +25.8 ± 0.8 ‰ (1σ,  n = 37 over 22 analytical runs; accepted 
value +25.6 ± 0.4 ‰ from Böhlke et al., 2003); precision as determined from duplicate 
analyses is  ±1.0 ‰ (N = 60 pairs).  The average measured Δ17O of IAEA-NO-3 is +0.1 ± 
0.8 ‰ (1σ,  n = 31 over 23 analytical runs; accepted value -0.2 ± 0.1 ‰ from Michalski 
et al., 2002); precision as determined from duplicate analyses is  ± 0.5 ‰ (n = 48 pairs). 
 
Seasonal variations in atmospheric contaminant transport were modeled for Southwestern 
Ontario using the NOAA Hybrid Single Particle Lagranian Integrated Trajectory 
(HYSPLIT) model (Draxler et al., 2013).  Wind, temperature and humidity data were 
utilized in the model using the Global Data Assimilation System (GDAS) archive.  
Seventy-two hour backwards trajectories were calculated since the lifetime of NOx and 
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nitrate in the atmosphere is typically hours to days (Liang et al., 1998).  The azimuths of 
the HYSPLIT backward trajectories have been used to summarize the general trends in of 
atmospheric contaminant transport patterns for each season. 
 
4.3 Results 
The average nitrate oxygen and nitrogen isotope compositions of precipitation in the 
Pinery and London are summarized by month in Table 4.1.  In the Pinery, the average 
δ15NNO3-, δ18ONO3- and Δ17ONO3- values during the study period were +1.2 ± 4.2 ‰, +68.5 
± 9.5 ‰ and +25.1 ± 3.5 ‰, respectively.  In London the average δ15NNO3-, δ18ONO3- and 
Δ17ONO3- values during the study period were +1.7 ± 3.8 ‰, +67.7 ± 8.8 ‰ and +25.0 ± 
2.9 ‰. The δ15NNO3- values for both sites overlap the known range for vehicular NOx 
emissions.  
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Figure 4.3 illustrates the Pinery and London precipitation nitrate data in conventional 
oxygen versus nitrogen isotope bivariate plots.  Individual (monthly) sample data points 
are colour-coded according to month of sampling.  Daylight hours are shown for 
reference, since as discussed earlier, light/dark cycles affect NOx oxidation reactions.  
Figure 4.4 illustrates the temporally associated variations in the oxygen and nitrogen 
isotope compositions of nitrate in the Pinery and London.  Individual (monthly) sample 
data points are colour-coded according to nitrate concentration. Nitrate nitrogen and 
oxygen isotope compositions in the Pinery and London tend oscillate between relative 
enrichment of 15N, 18O and 17O during the winter period and depletion of these isotopes 
during the summer period (Fig. 4.4). There is some tendency for nitrate concentrations in 
Table 4.1 Average oxygen and nitrogen isotope compositions
for the Pinery and London, Ontario by Month
Month # Analyses  δ15NNO3- δ18ONO3- Δ17ONO3- 
Pinery Provincial Park, Ontario
January 1 +8.0 +72.7 +27.0
February 1 +7.1 +71.6 +28.3
March 2 +2.4 +72.3 +27.1
April 2 +1.8 +72.3 +27.1
May 2 +0.7 +70.8 +26.9
June 2 +-1.6 +58.9 +21.7
July 3 +-3.5 +65 +21.9
August 1 +1.2 +57.7 +22.8
September 1 +4.4 +50 +18.3
October 0
November 2 -1.7 +75.9 +26.6
December 2 +4.7 +77.2 +28.1
2007-2009 19 +1.2 +68.5 +25.1
London, Ontario
January 1 +6.7 +73.7 +29.5
February 2 +2.2 +79.9 +27.7
March 2 +1.9 +76 +28.3
April 2 +0.8 +71.1 +25.4
May 1 +-0.8 +76.4 +27.5
June 2 -2.3 +63.1 +24.8
July 2 -0.1 +58.0 +22.7
August 3 -0.9 +61.5 +22.0
September 1 +9.8 +56.8 +21.5
October 2 +5.9 +58.9 +23.0
November 3 +2.4 +76.4 +27.9
December 1 +3.2 +78 +28.8
2007-2009 22 +1.7 +67.7 +25.0
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the rainwater to be higher in the winter and lower in the summer but this association is 
not ubiquitous (Fig. 4.4; e.g. Pinery in the summer of 2009).   
 
The seasonal oscillation pattern in nitrate isotopes are better defined in the London 
dataset (Fig. 4.4).  The London site had fewer collector failures; nonetheless, these 
differences will be discussed in the subsequent sections. In Figure 4.4 NOx concentrations 
are shown for the London site; data in close proximity to the Pinery are not available.  On 
a regional scale, oscillations in NOx concentration in air for sampling sites throughout 
Southwestern Ontario are illustrated in Figure 4.5.  NOx concentrations are elevated in 
populated and industrialized areas (e.g. Windsor) and more subdued in more remote sites 
(e.g. Tiverton).  Seasonal oscillations in NOx are ubiquitous for Southwestern Ontario air 
sampling sites (Fig. 4.5). 
 
4.4 Discussion 
4.4.1 Regional and Global Comparisons 
Here we compare our observations to other sites within the region as well as with a few 
examples of localities that exhibit different characteristics.  The average δ15NNO3- values 
for Pinery and London, Ontario are comparable to results measured for 33 sites 
throughout the Midwestern and Northeastern USA.  A study by Elliott et al. (2007) 
includes precipitation collection sites within Ohio that are in closest proximity to 
Southwestern Ontario (ca. 65 & 75 km south of Lake Erie).  Elliott et al. (2007) reported 
that the δ15NNO3- values for these sites typically ranged from ca. –2.5 to +3 ‰ and 
oscillated on a seasonal basis in a manner similar to that reported herein.  
 
Within the envelope of the Great Lakes in Canada, Spoelstra et al. (2001) have reported 
data for the Turkey Lakes watershed, which is located 512 km NW of London (Fig. 4.1).  
A comparison of Turkey Lakes nitrate stable isotope data with the London and Pinery 
Provincial Park sites is as follows: 
 
Turkey Lakes 
δ15NNO3-: -4 to +0.8 ‰ (weighted mean -2.1 ‰) 
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δ18O NO3-: +35 to +59 ‰ (weighted mean +50.2 ‰) 
London 
δ15NNO3-:  –5.8 to +9.8 ‰ (weighted mean +1.1 ‰) 
δ18O NO3-:  +56.8 to +80.5 ‰ (weighted mean +68.3 ‰) 
Δ17ONO3-:  +20.6 to +29.5 ‰ (weighted mean +25.3 ‰) 
Pinery Provincial Park 
δ15NNO3-:   –8.9 to +7.9 ‰ (weight mean +1.3 ‰) 
δ18ONO3-:   +50.0 to +85.7 ‰ (weighted mean +67.1 ‰) 
Δ17ONO3-:   +18.3 to +30.9 ‰ (weighted mean +24.7 ‰) 
 
Spoelstra et al. (2001) did not identify seasonal patterns in the Turkey Lakes watershed 
nitrate isotope compositions nor did they identify a relationship with nitrate concentration.  
The nitrate oxygen and nitrogen isotope compositions in precipitation from Turkey Lakes 
are on average lower but exhibit less variation than at the London and Pinery sites:  The 
higher δ15NNO3- values at the more remote Turkey Lakes region is likely a result of a 
lower proportion of anthropogenic NOx emissions relative to the London and Pinery 
localities.  The discrepancy between δ18ONO3- values at Turkey Lakes versus London and 
the Pinery may be attributable to the analytical technique employed by Spoelstra et al. 
(2001) (AgNO3 reacted with excess carbon in a sealed quartz tube heated to 850 °C).  
There is some evidence, as discussed by Kendall et al. (2007), that when using a silver 
nitrate-type analytical method, nitrate oxygen within a heated quartz tube undergoes 
exchange with the tube walls resulting in lowered δ18ONO3- values. 
 
Locations more distal to Southwestern Ontario show that the precipitation nitrate isotopic 
variations observed at London and the Pinery are not universal.  In the Chesapeake Bay 
region (U.S.A.) mean nitrate nitrogen isotope compositions in precipitation were depleted 
of 15N during the spring compared to other seasons but this difference was not 
statistically significant (Russell et al., 1998).  Russell et al. (1998) concluded that the 
combustion of fossil fuels was the most prevalent NOx source.  In Bermuda, Hastings et 
al. (2003) reported that nitrate in precipitation is relatively 15N-enriched and 18O-depleted 
during the warm season compared to the cool season (Δ17ONO3- was not measured).  
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Hastings et al. (2003) attributed these fluctuations to the trajectory of the weather 
systems. δ15NNO3- variations resulted from differing seasonal source regions and δ18ONO3- 
variations resulted from differences in the NOx oxidation reactions in the different air 
masses that enter the region.  
 
At Summit, Greenland, Hastings et al. (2004) measured seasonal variations of nitrate in 
snow.  Summer nitrate in snow is relatively enriched in 15N and depleted of 18O compared 
to the winter period (data for 17O were not reported).  This pattern of oxygen isotope 
variation (also observed in the present study) results from the balance between the light- 
and dark-associated NOx oxidation reactions illustrated in Figure 4.2.  Hastings et al. 
(2004) suggest that winter δ15NNO3- values reflect greater fossil fuel emissions as 
compared to summer, which may have greater input from biomass burning, lightning and 
biogenic soil emissions. 
 
4.4.2 δ15NNO3- Variations 
The Pinery and London sites have similar ranges in precipitation δ15NNO3- values, which 
overlap the range of nitrogen isotope compositions for vehicular emissions (Figs. 4.2 & 
4.3).  This similarity to vehicular emissions is reasonable given that in Ontario in 2009, 
for example, transportation (vehicles, trucks, air and marine) constituted 70 % of NOx 
emissions.  By comparison, non-industrial sources including fuel combustion for 
residential and power generation contributed 13 %, industry contributed 13 % and natural 
sources contributed 3 % of NOx emissions (Environment Canada, 2013).  The seasonal 
changes in δ15NNO3- values, albeit more sporadic at the Pinery than the London site, result 
from changes in the relative input from NOx sources (Fig. 4.4).  NOx concentrations are 
elevated during the winter periods when nitrogen isotope compositions are relatively high.  
Elliott et al. (2007) found that higher δ15NNO3- values in the winter correspond with peak 
emissions from electrical generating units (coal-fired power plants).  Low δ15NNO3- values 
during warm periods of the year correspond with increases in NOx originating from 
biogenic soil emissions and lightning (Elliott et al., 2007). 
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The regional contaminant transport patterns for Southwestern Ontario may help to 
explain the differences in seasonal patterns of δ15NNO3- variation between the Pinery and 
London sites (Fig. 4.6).  Normally, the NOAA HYSPLIT model (Draxler et al., 2013) is 
used to backward simulate contaminant transport paths into Southwestern Ontario for 
specific dates.  However, because the nitrate dataset we report are monthly-accumulated 
samples, no specific rain event can be assigned to each sample.  Instead, as illustrated in 
Figure 4.6, we have modeled the transport patterns for the largest 100 rainfall events 
(>11.6 mm/day) in London, Ontario for years 2006-2009 in an attempt to characterize 
both overall and seasonal contaminant transport patterns into Southwestern Ontario 
(where London is centrally located).  In Figure 4.6, the transport trajectories are shown in 
rose plots for each season and the “petal” colour scheme used corresponds to temperature 
during each rain event.  The temperature data were included as an independent check of 
the model outputs; in general for Southwestern Ontario, weather systems originating from 
the southwest (SW) are warmer than those originating from the northwest (NW).  As 
expected, contaminants that originate from the SW are associated with higher average 
daily temperatures. Throughout the year, contaminant transport dominantly originates 
from the SW.  Winter weather systems exhibit a bimodal contaminant transport pattern 
with the dominant modes being SW and NW.   
 
Figure 4.5 illustrates the concentrations of NOx in air for sites throughout Southwestern 
Ontario during the period 2007-2009 (Ontario Ministry of the Environment, 2013).  
While NOx concentrations vary throughout the region, all sites exhibit similar seasonal 
oscillations.  Given that the dominant contaminant transport direction is from the SW, the 
elevated NOx concentrations in Windsor likely originate from Detroit, U.S.A in addition 
to local emissions.  Toronto, also highly developed, has elevated NOx concentrations 
compared to less developed sites in Southwestern Ontario.  The occurrence of such 
elevated NOx concentrations appears to be localized given that Chatham, Ontario, which 
is downwind of Detroit and Windsor has comparatively low NOx concentrations.  In 
comparison to Windsor, Ontario, and notwithstanding its intensive petrochemical 
industry, Sarnia, Ontario has much lower NOx concentrations than observed at 
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Figure 4.6 Rose diagrams of HYSPLIT (HYbrid Single-Particle Lagrangian Integrated 
Trajectory) 72-hour contaminant transport directions.  Daily temperature data for 2006-
2009 were recorded at London International Airport (YXU; Environment Canada, 2013).  
This plot, in part, has been generated with R using openair (R Development Core Team, 
2014; Carslaw and Ropkins, 2012). 
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Detroit/Windsor.  Notably, areas directly to the SW of Sarnia, Ontario are less developed 
than those located southwest of Windsor/Detroit.   
 
As discussed above, elevated NOx concentrations appear to be localized around 
developed centres and the Pinery is spatially removed from these sites.  If Pinery NOx 
data were available, we anticipate that they would be more like that of Tiverton, Ontario, 
which exhibits the lowest NOx concentrations across the region.  Why the δ15NNO3- values 
exhibit irregular temporal variation relative to the smoother, seasonal oscillations at 
London, Ontario remains speculative.  Contribution of NOx and nitrate from Lake Huron 
may be a factor, but this possibility remains to be tested.  Systematic measurement of 
nitrate δ15NNO3- in precipitation across the Great Lakes region would clarify whether or 
not the differences observed between Pinery and London, Ontario are a part of variability 
across the region like that observed by Elliott et al. (2007) in the Midwest and Northeast 
USA. 
 
4.4.3 δ18ONO3- and Δ17ONO3- Variations 
In London, precipitation samples collected during the period of November through March 
have elevated δ18ONO3- and Δ17ONO3- values relative to the rest of the year, a pattern that 
broadly corresponds to months with the shortest daylight hours (<12 hours) (Fig. 4.4).  
The δ18ONO3- and Δ17ONO3- values tend to be lowest from June through to October 
corresponding to the onset of peak daytime hours.  In both the Pinery and London 
datasets, the timescale of the transitions from highest to lowest oxygen isotope 
compositions, and vice versa, is abrupt in some cases (e.g. London winter 2006) and 
transitional in others (e.g. Pinery summer of 2007, 2008).  
 
In comparison to London, Pinery winter precipitation tends to have slightly lower 
δ18ONO3- and Δ17ONO3- values and there is overlap in Pinery winter and summer ranges.  It 
is notable that the Pinery is located immediately adjacent to one of the largest fresh water 
lakes in the world.  We speculate that proximity to such large bodies of water may play a 
role in governing the relative proportion of hydroxyl versus ozone-related oxidation of 
NOx species, which in turn controls the patterns of oxygen isotope compositions 
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illustrated in Figure 4.4.  Lake effect precipitation is a common occurrence in 
Southwestern Ontario, particularly in the winter when the lakes are warm compared to air 
temperature.  Since Lake Huron is often a source of atmospheric water vapour in the 
winter, this may promote hydroxyl formation (reaction (6)).  A regional study of 
precipitation δ18ONO3- and Δ17ONO3- values across Southwestern Ontario would clarify the 
role of proximity to large fresh water bodies in altering the balance of NOx oxidation 
chemistry at shoreline versus inland sites.  
 
4.5 Conclusions 
We observe seasonal oscillations in δ15NNO3-, δ18ONO3- and Δ17ONO3- of precipitation 
values at Pinery Provincial Park and London, Ontario. The δ15NNO3- values from both 
sites overlap the known range of values for NOx from vehicular emissions, consistent 
with the fact that most NOx emissions in Ontario result from transportation (vehicles, 
etc.).  Compared to the Pinery, precipitation from London, Ontario exhibits the smoothest 
and most regular seasonal oscillations in δ15NNO3- values. NOx concentrations and 
δ15NNO3- values for London, Ontario oscillate in the same manner likely because of 
seasonally related changes in contribution from soil emissions, and non-industrial and 
industrial sources.  NOx emissions monitoring throughout Southwestern Ontario show 
that urbanized centers have the highest NOx concentrations and that the dispersal of NOx 
is fairly localized.  The more irregular seasonal oscillations of δ15NNO3- values in Pinery 
precipitation, by comparison, may reflect its more distal location from upwind 
anthropogenic emissions.   
 
 The δ18ONO3- and Δ17ONO3- values of precipitation at the Pinery and London, Ontario are 
highest during the winter months and lowest during the summer months.  This effect is 
likely related to changes in the relative proportion of NOx oxidation involving hydroxyl 
versus ozone throughout the year.   Overall, the δ15NNO3-, δ18ONO3- and Δ17ONO3- values of 
London precipitation show much more regular seasonal variation than observed for the 
Pinery location on the shores of Lake Huron.  This variation on the regional scale within 
Southwestern Ontario can be related to NOx sources and competition among the 
atmospheric oxidation reactions that help to produce these compounds.   
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Chapter 5 
 
5 Conclusions 
 
5.1 Introduction 
The primary goal of this thesis was the identification and quantification of nitrate sources 
in the Old Ausable River Channel (OARC) and its surrounding watershed between Grand 
Bend and Port Franks, Ontario.  This objective was achieved by (i) developing a 
methodology to produce the highest quality nitrate dataset possible for environmental 
waters, (ii) performing multi-year monthly surface, ground and precipitation sampling 
and analyses of these samples using two analytical methods (in tandem with the method 
development), and (iii) interpreting the data using Bayesian statistical modeling as a 
principal tool. The following sections outline some of the key findings and their larger 
significance. 
 
5.2 The Measure of a Method 
Two analytical techniques for measuring nitrate stable isotope compositions were 
compared using a dataset for natural samples from Pinery Provincial Park and adjacent 
areas.  The goal being high fidelity data, we argued that the combined isotopic results 
from two different gas configurations make for a higher quality dataset.  Specifically, we 
outlined a methodology to convert nitrate into two gas phases (nitrous oxide and oxygen 
+ nitrogen gas), and to measure them for δ15N, δ18O and Δ17O. The methodologies 
outlined in Chapter 2 combine the advantages of chemical reduction originally described 
by McIlvin and Altabet (2005) with those of the larger dataset attainable by thermal 
decomposition of nitrous oxide, a methodology originally outlined by Kaiser et al. (2006). 
 
Comparison of nitrate nitrogen isotope data from Pinery Provincial Park showed that 
results from the two gas preparations, δ15NN2O and δ15NN2, were sufficiently comparable 
that neither would misrepresent the sources of nitrate in a study with a few caveats: (i) 
δ15N values measured using nitrous oxide gas must be corrected for 17O interference (in 
particular for rainwater, but in general for any sample that may contain mass-independent 
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oxygen isotope anomalies); and (ii) δ15N values measured for nitrogen gas were less 
precise and less accurate than those obtained using nitrous oxide. 
 
Comparison of nitrate oxygen isotope datasets for natural water samples showed that 
δ18OO2 values are strongly dependent on sample size and are in general less precise and 
less accurate than results obtained for δ18ON2O.  In short, δ18OO2 values are inaccurate.  
Values of Δ17O − measured via thermal decomposition of nitrous oxide into oxygen and 
nitrogen gas − suffered from scale compression.  However, once corrected using standard 
calibration techniques, the values of Δ17O measured from the thermal decomposition of 
N2O to O2 gas yielded acceptable precision and accuracy and thus can provide additional 
insight into the source contributions of nitrate in an environment. 
 
Without measurement of Δ17ONO3-, the quantification of nitrate sources remains rife with 
problems.  These pitfalls, and why Δ17O measurements can resolve them, fall into two 
main categories.  First, the primary utility of measuring δ18ONO3- is the quantification of 
atmospherically derived nitrate. While the average δ18ONO3- compositions of surface 
versus atmospheric sources are distinct on average, they both exhibit considerable ranges 
in composition (surface ± 5.5 ‰, atmospheric ± 9.1 ‰, respectively; Kendall et al., 
2007).  For oxygen-17 compositions, surface and atmospheric sources exhibit separation 
of their average values and their observed range in composition is much smaller (surface 
± 1 ‰; atmosphere ± 3.2 ‰).  Thus, use of Δ17ONO3- in quantification of nitrate sources 
produces much smaller uncertainties in the modeled results.  Second, during IRMS of 
nitrous oxide the resulting δ15NN2O exhibits mass interferences for which correction is not 
possible using conventional standard calibrations.  As outlined in Chapter 2, Δ17ONO3- 
measurements are required to correct for this interference.  We determined that, for +1 ‰ 
enrichment in Δ17ONO3-, there is +0.1 ‰ enrichment in uncorrected δ15NN2O.  The latter 
difference, by our estimation and depending on the input parameters, could produce an 
apparent 0.5 % increase in calculated septic input when modeling the data using SIAR.  
For ecosystems receiving relatively large inputs of atmospherically derived nitrate, or any 
investigation of nitrates in precipitation, significant errors in interpretation could arise in 
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the absence of correction for this mass-interference.  Measurement of Δ17ONO3- is needed 
to make this correction. 
 
5.3 Nitrate Sources in the OARC 
The sources of nitrate in the OARC were assessed using the nitrogen and oxygen isotope 
compositions of its dissolved nitrates and those in surrounding ground waters in 
conjunction with Bayesian stable isotope modeling techniques.  Of particular note, we 
measured mass-independent oxygen isotope anomalies of nitrate in surface and ground 
waters and used these results to quantify atmospheric nitrate input into the ecosystem.   
 
The OARC watershed covers only 24.5 km2 (Steinbachs, 1999) and yet the river channel 
exhibits relatively large fluctuations in nitrate concentrations and stable isotope 
compositions.  Differences in the surrounding land use as well as modifications to the 
river channel were used to separate the OARC into distinct sections (Simpson, 2001).  
The Grand Bend section, located to the northeast, exhibited 15N-enrichment and elevated 
nitrate concentrations; both of these features are indicative of elevated inputs from 
nitrified septic and/or manure effluent.  The Pinery section exhibited some enrichment in 
17O and 18O and had relatively low nitrate concentrations.  SIAR modeling illustrated that 
atmospherically derived nitrate was the single largest source of nitrate in this portion of 
the OARC; precipitation contributed 31-36 % of the total nitrate with the remainder being 
a mixture of terrestrial nitrified sources.  Atmospheric nitrate is largely anthropogenic in 
nature, and can be transported from far afield.  Oscillations in the oxygen isotope 
compositions of nitrate in the Pinery section were attributed to the sporadic nature of 
precipitation input.  The South Dam section, located in the southwest portion of the river 
channel, exhibited some similarities to the nitrate concentration and isotope compositions 
of the Pinery section.  However, these similarities were periodically disrupted by elevated 
nitrate concentration and 15N-enrichment that we attributed to back flooding from the 
Ausable River Cut during high flow events into the South Dam section.  We showed that 
SIAR nitrate isotope modeling (Parnell et al., 2010) can be used to identify recognize 
differences in nitrate source contributions in various regions of a watershed that 
experience differences in hydrologic conditions and land use.  The use of Δ17O 
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measurements alongside δ15N and δ18O permits the extent of atmospheric loading into a 
watershed to be modeled with a high level of confidence.  
 
Groundwater was sampled from five sites on a monthly basis within Pinery Provincial 
Park.  Groundwater along a transect made orthogonal to the OARC contained nitrate 
originating from a mixture of 15N-depleted sources that included nitrified ammonium in 
rain, fertilizer, soil nitrate and atmospheric nitrate.  Sites in the northwest part of the 
transect exhibited elevated atmospheric nitrate loading while nitrate from sites to the 
southeast were more dominated by terrestrial nitrified sources.  At least within Pinery 
Provincial Park, these results showed that septic effluents were not a significant source of 
nitrates in the ground water that fed into the OARC.  These results would have been 
helpful in planning of water treatment infrastructure at Pinery Provincial Park, had these 
data been available prior to its installation.  
 
The relatively large temporal and spatial variations of nitrate concentration and isotope 
compositions in the OARC can be explained as follows. (1) Septic effluents originating in 
Grand Bend resulted in elevated nitrate concentrations and 15N-enrichment in the 
northeastern portions of the OARC.  (2) Anomalous 17O-enrichment in the Pinery section 
of the OARC reflected larger relative inputs of atmospherically derived nitrate.  This 
result underscores the fact that OARC waters in the Pinery section were then, and still are, 
almost entirely recharged by precipitation; surface-derived anthropogenic loading is 
limited.  (3) The periodic back flooding of the South Dam section of the OARC by the 
Ausable River produced sporadic periods of elevated nitrate concentrations and 15N 
enrichment in this portion of the OARC.  Agriculture is the dominant land use in the 
upstream regions of the Ausable River; the elevated nitrate concentrations and nitrogen 
isotope compositions reflected that agricultural runoff.  Our results showed that in the 
Pinery and South Dam sections, septic effluents – previously considered to be 
contributors to eutrophication of the OARC within Pinery Provincial Park (Schincariol et 
al., 2004) – were not the cause of fluctuations in nitrate concentration in the ecosystem.  
In short, based on the time period of sampling reported here, septic effluents have not 
contributed significantly to degradation of the OARC ecosystem within the Park.  
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 From a water management perspective, septic treatment or diversion of waste from the 
Grand Bend aquifers may reduce nitrate concentrations in the northeastern portions of the 
OARC; however, the negative impact of these effluents appears to be localized.  As 
discussed by Schincariol et al. (2010), eutrophication of the OARC is most likely 
attributable to decomposition of plant detritus, low flow velocities and elevated channel 
temperatures.  Within Pinery Provincial Park, the largest single contributor of nitrate to 
the OARC is atmospheric deposition, derived from distal sources that are oxidized and 
transported by natural phenomena. 
 
5.4 Nitrate Variations in Precipitation  
In this thesis, we sought to examine how local and regional-scale variations of nitrate in 
precipitation in Southwestern Ontario were related to regional transport of anthropogenic 
nitrogen species. Monthly-accumulated precipitation samples in Pinery Provincial Park 
and London, Ontario, exhibited seasonal oscillations in both nitrogen and oxygen isotope 
compositions.   
 
The majority of NOx emissions in Ontario result from transportation (i.e. vehicles; 
Environment Canada, 2013).  As such, it is not unexpected that nitrate nitrogen isotope 
compositions from both sites overlapped the known range of values for vehicular emitted 
NOx (Felix et al., 2012).  London precipitation exhibited regular and smaller seasonal 
oscillations in nitrogen isotope compositions.  NOx concentrations and nitrate nitrogen 
isotope compositions exhibit similar oscillation frequencies because each is attributable 
to seasonal fluctuations in soil and anthropogenic emissions (NOx emissions data 
obtained from the Ontario Ministry of the Environment, 2013).  Pinery Provincial Park 
precipitation exhibited irregular oscillations in nitrate nitrogen isotope compositions 
relative to London.  This irregularity may reflect the Pinery’s distal location from upwind 
anthropogenic emissions.   
 
The oxygen isotope compositions of precipitation nitrate at Pinery Provincial Park and 
London, Ontario, were highest during the winter months and lowest during the summer 
103
months.  These oscillations arise from seasonal variations in atmospheric oxidation 
pathways. 
 
Overall, differences in the oxygen and nitrogen isotope compositions measured at these 
sites reflect regional-scale variations related to NOx sources and the balance of 
atmospheric oxidation reactions that help to produce these compounds. As we have 
shown in Chapter 3, precipitation can be the single largest source of nitrate in sites 
remote from surface anthropogenic inputs.  Unlike point sampling near emission sources 
and surface water monitoring in watersheds, the Δ17O, δ15N and δ18O and concentration 
of nitrate in precipitation can delineate not only the amount of deposition, but variations 
in regional nitrate sources delivered to the site of deposition. Such investigations of the 
entire Great Lakes basin would greatly augment our understanding of regional-scale 
transport of NOx species and the impact of these loadings on the stable isotope 
compositions of nitrate in precipitation.   
 
5.5 Forward Thinking 
A precipitation-sampling network is already in place across the Great Lakes region (Great 
Lakes Precipitation Network – GLPN).  Population centres in Southwestern Ontario have 
the highest NOx concentrations, and on this regional scale, dispersal of NOx appears to be 
relatively localized.  Determination of the concentration and stable isotope compositions 
of nitrate in precipitation across this region should, in theory, reflect the sources of NOx 
emissions across Southwestern Ontario, and in particular: (1) the relative importance of 
different emission sources such as coal-fired power plants, automobile exhaust and 
industrial emissions; (2) seasonal oscillations of atmospheric oxidation processes (for 
oxygen isotopes); (3) the proportion of soil emissions (for nitrogen isotopes); (4) and – as 
in maritime environments – aerosols/spray produced off of the Great Lakes.  Such results 
should clearly delineate the spatial variations in nitrate emissions sources across Great 
Lakes region, thus providing a benchmark for their management and a tool for evaluation 
of public policy initiatives directed towards control of airborne nitrate loading in the 
region.  
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Appendix(III(Standards(as(nitrous(oxide(analyte
Standard δ15N raw δ15N corrected δ15N memory effect δ15N accepted δ18O raw δ18O corrected δ18O accepted
ID ‰ ‰, AIR corrected ‰, AIR ‰, AIR ‰ ‰, VSMOW ‰, VSMOW
Russell GBL NO3-N2O + N&O 11-02 21/04/2011
USGS$34 $1.5 $1.8 $1.8 In-Curve $27.9 $27.1 In-Curve
USGS$35 +1.6 +4.6 +4.7 +2.7 +44.4 +57.9 In-Curve
USGS$32 +88.3 +180.2 +180.3 In-Curve +17.1 +25.8 +25.7
IAEA$NO3 +1.9 +5.1 +4.9 +4.7 +17.6 +26.3 +25.6
USGS$34 $1.6 $1.9 $1.9 In-Curve $28.5 $27.7 In-Curve
USGS$35 +1.7 +4.7 +4.8 +2.7 +44.7 +58.2 In-Curve
USGS$32 +88.2 +179.8 +180.1 In-Curve +17.2 +25.9 +25.7
USGS$34 $1.5 $1.7 $1.8 In-Curve $29.4 $28.9 In-Curve
USGS$35 +1.6 +4.6 +4.6 +2.7 +43.2 +56.4 In-Curve
USGS$32 +88.3 +180.0 +180.2 In-Curve +16.9 +25.5 +25.7
Russell GBL NO3-N2O + N&O 11-03 28/04/2011
USGS$34 $1.8 $1.9 $1.9 In-Curve $28.6 $27.9 In-Curve
USGS$35 +1.4 +4.6 +4.7 +2.7 +43.7 +57.4 In-Curve
USGS$32 +87.1 +178.9 +179.4 In-Curve +16.9 +25.8 +25.7
USGS$34 $1.7 $1.8 $1.8 In-Curve $28.4 $27.7 In-Curve
USGS$35 +1.4 +4.6 +4.6 +2.7 +43.9 +57.6 In-Curve
USGS$32 +87.8 +180.3 +180.7 In-Curve +16.5 +25.3 +25.7
IAEA$NO3 +1.5 +4.8 +4.1 +4.7 +16.8 +25.7 +25.6
USGS$34 $1.7 $1.7 $1.7 In-Curve $28.7 $28.1 In-Curve
USGS$32 +88.1 +180.8 +181.2 In-Curve +16.5 +25.3 +25.7
Russell GBL NO3-N2O + N&O 11-04 05/06/2011
USGS$34 $2.7 $1.6 $1.6 In-Curve $26.8 $27.6 In-Curve
USGS$35 +0.8 +5.5 +5.5 +2.7 +44.6 +57.4 In-Curve
USGS$32 +83.7 +175.4 +175.4 In-Curve +17.9 +25.6 +25.7
IAEA$NO3 +0.1 +4.2 +4.2 +4.7 +17.5 +25.1 +25.6
GSI$NO3 $1.0 +1.9 +1.9 +1.3 +8.7 +14.7 +14.1
USGS$34 $3.0 $2.2 $2.2 In-Curve $27.4 $28.2 In-Curve
USGS$35 +1.0 +6.0 +6.0 +2.7 +44.8 +57.6 In-Curve
USGS$32 +85.9 +179.9 +179.9 In-Curve +17.5 +25.1 +25.7
IAEA$NO3 +0.0 +3.9 +3.9 +4.7 +17.3 +25.0 +25.6
GSI$NO3 $1.1 +1.6 +1.6 +1.3 +8.5 +14.5 +14.1
USGS$34 $2.7 $1.6 $1.6 In-Curve $27.2 $27.9 In-Curve
USGS$35 +1.0 +5.9 +5.9 +2.7 +44.7 +57.5 In-Curve
USGS$32 +86.0 +180.1 +180.1 In-Curve +17.8 +25.6 +25.7
Russell GBL NO3-N2O + N&O 11-05 05/20/2011
USGS$34 $1.4 $3.3 $3.2 $1.8 $29.1 $28.6 In-Curve
USGS$35 +2.6 +4.9 +4.8 +2.7 +45.0 +57.5 In-Curve
USGS$32 +87.7 +178.7 +177.3 In-Curve +16.0 +23.8 +25.7
IAEA$NO3 +1.5 +2.5 +4.3 +4.7 +15.3 +23.1 +25.6
GSI$NO3 +0.0 $0.5 $0.4 In-Curve +6.8 +13.1 +14.1
USGS$34 +0.3 +0.2 +0.3 $1.8 $26.1 $25.0 In-Curve
USGS$35 +3.4 +6.4 +6.3 +2.7 +46.4 +59.1 In-Curve
USGS$32 +87.7 +178.7 +177.3 In-Curve +16.2 +24.0 +25.7
IAEA$NO3 +2.0 +3.6 +5.3 +4.7 +16.6 +24.6 +25.6
USGS$34 $0.8 $2.1 $2.1 $1.8 $28.0 $27.2 In-Curve
USGS$32 +89.6 +182.6 +180.9 In-Curve +19.5 +27.9 +25.7
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Appendix(III(Standards(as(nitrous(oxide(analyte
Standard δ15N raw δ15N corrected δ15N memory effect δ15N accepted δ18O raw δ18O corrected δ18O accepted
ID ‰ ‰, AIR corrected ‰, AIR ‰, AIR ‰ ‰, VSMOW ‰, VSMOW
GSI$NO3 +1.7 +3.1 +4.8 In-Curve +10.4 +17.3 +14.1
Russell GBL NO3-N2O + N&O 11-07 06/23/2011
USGS$32 +87.6 +179.7 In-Curve +16.9 +24.5 +25.7
USGS$34 +1.5 +4.3 $1.3 $1.8 $27.4 $27.9 In-Curve
USGS$35 +1.8 +4.9 +4.9 +2.7 +44.7 +57.3 In-Curve
IAEA$NO3 +1.6 +4.5 +4.5 +4.7 +18.2 +26.0 +25.6
GSI$NO3 +0.2 +1.7 +1.6 In-Curve +9.2 +15.4 +14.1
GSI$NO3 $0.2 +1.0 +0.8 IN-Curve +8.0 +13.9 +14.1
IAEA$NO3 +1.5 +4.4 +4.5 +4.7 +17.0 +24.6 +25.6
USGS$32 +87.9 +180.3 +182.2 In-Curve +17.4 +25.0 +25.7
USGS$34 +0.5 +2.2 $3.3 $1.8 $27.3 $27.9 In-Curve
USGS$35 +1.1 +3.6 +3.7 +2.7 +44.9 +57.7 In-Curve
Russell GBL NO3-N2O + N&O 11-08 06/31/2011
USGS$32 +88.8 +182.0 +182.0 In-Curve +17.7 +25.6 +25.7
USGS$34 +0.1 +1.0 $1.5 $1.8 $27.8 $27.4 In-Curve
USGS$35 +2.1 +5.1 +5.1 +2.7 +45.6 +58.0 In-Curve
IAEA$NO3 +2.2 +5.2 +5.2 +4.7 +18.6 +26.6 +25.6
GSI$NO3 +0.5 +1.8 +1.8 In-Curve +9.0 +15.5 +14.1
GSI$NO3 +0.0 +0.8 +0.8 In-Curve +7.9 +14.2 +14.1
IAEA$NO3 +2.0 +4.7 +4.8 +4.7 +17.6 +25.4 +25.6
USGS$32 +87.4 +179.1 +180.8 In-Curve +16.7 +24.4 +25.7
USGS$34 $0.2 +0.3 $1.9 $1.8 $28.7 $28.4 In-Curve
USGS$35 +1.9 +4.5 +4.6 +2.7 +44.1 +56.3 In-Curve
USGS$32 +87.3 +179.0 +181.2 In-Curve +17.7 +25.5 +25.7
USGS$35 +2.1 +5.1 +2.8 +2.7 +45.7 +58.2 In-Curve
Russell GBL NO3-N2O + N&O 11-09 07/07/2011
USGS$32 +86.5 +180.0 +180.2 In-Curve +17.7 +26.6 +25.7
USGS$34 +0.6 +2.3 $2.1 $1.8 $27.5 $27.5 In-Curve
USGS$35 +2.0 +5.2 +5.2 +2.7 +43.3 +57.3 In-Curve
IAEA$NO3 +1.9 +4.9 +4.9 +4.7 +18.0 +27.0 +25.6
GSI$NO3 +0.3 +1.5 +1.5 In-Curve +8.8 +16.0 +14.1
USGS$32 +66.4 +138.5 +164.4 In-Curve +9.2 +16.4 +25.7
USGS$34 $1.2 $1.6 $1.9 $1.8 $28.2 $28.3 In-Curve
USGS$35 +1.8 +4.6 +4.8 +2.7 +43.7 +57.7 In-Curve
GSI$NO3 +0.0 +1.1 +1.0 In-Curve +9.0 +16.2 +14.1
IAEA$NO3 +1.9 +4.8 +4.9 +4.7 +17.2 +26.1 +25.6
USGS$32 +80.0 +166.5 +170.9 +17.0 +25.8 +25.7
Russell GBL NO3-N2O + N&O 11-10 9/17/2011
USGS$32 +74.9 +159.5 +166.4 +15.6 +27.2 +25.7
USGS$34 +10.2 +23.2 +15.5 $1.8 $22.3 $21.4 In-Curve
USGS$35 +1.3 +4.5 +3.6 +2.7 +37.2 +54.9 In-Curve
IAEA$NO3 +1.2 +4.3 +4.2 +4.7 +19.4 +32.1 +25.6
USGS$34 $1.6 $1.7 $1.7 $1.8 $28.6 $29.5 In-Curve
USGS$32 +83.7 +178.2 +186.8 In-Curve +15.7 +27.3 +25.7
USGS$34 +2.5 +7.0 $3.2 $1.8 $26.1 $26.3 In-Curve
USGS$35 +1.5 +5.0 +4.9 +41.2 +60.1 In-Curve
IAEA$NO3 +1.4 +4.8 +4.8 +4.7 +17.8 +30.1 +25.6
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Appendix(III(Standards(as(nitrous(oxide(analyte
Standard δ15N raw δ15N corrected δ15N memory effect δ15N accepted δ18O raw δ18O corrected δ18O accepted
ID ‰ ‰, AIR corrected ‰, AIR ‰, AIR ‰ ‰, VSMOW ‰, VSMOW
GSI$NO3 $0.2 +1.3 +1.1 In-Curve +8.1 +17.6 +14.1
usgs$32 +85.5 +181.8 +189.8 In-Curve +16.4 +28.3 +25.7
Russell GBL NO3-N2O + N&O 11-11 9/29/2011
USGS$32 +86.2 +180.0 +180.5 In-Curve +20.8 +27.2 +25.7
USGS$34 $1.9 $0.1 $0.7 In-Curve $27.0 $27.3 In-Curve
USGS$35 +1.0 +5.8 +5.8 +2.7 +47.0 +57.1 In-Curve
IAEA$NO3 +0.4 +4.6 +4.6 +4.7 +20.8 +27.2 +25.6
GSI$NO3 $0.8 +2.1 +2.1 +1.3 +10.1 +15.0 +14.1
USGS$32 +86.2 +179.9 +180.4 In-Curve +20.4 +26.8 +25.7
USGS$34 $2.6 $1.6 $2.3 In-Curve $27.9 $28.4 In-Curve
USGS$35 +1.0 +5.7 +5.7 +2.7 +47.2 +57.3 In-Curve
IAEA$NO3 +0.5 +4.7 +4.7 +4.7 +20.5 +26.9 +25.6
GSI$NO3 $0.9 +2.0 +2.0 +1.3 +9.9 +14.8 +14.1
USGS$32 +86.3 +180.1 +180.6 In-Curve +20.9 +27.3 +25.7
USGS$34 $2.8 $2.0 $2.6 In-Curve $27.6 $28.0 In-Curve
USGS$35 +1.0 +5.8 +5.8 +2.7 +47.8 +58.0 In-Curve
Russell GBL NO3-N2O + N&O 11-12 10/6/2011
USGS$32 +89.1 +180.4 +181.3 In-Curve +17.6 +25.8 +25.7
USGS$34 $0.3 +0.5 $0.8 $1.8 $28.3 $27.7 In-Curve
USGS$35 +2.0 +5.1 +5.1 +2.7 +44.7 +57.4 In-Curve
IAEA$NO3 +1.9 +5.0 +5.0 +4.7 +17.6 +25.7 +25.6
GSI$NO3 +0.1 +1.3 +1.3 In-Curve +8.0 +14.6 +14.1
USGS$32 +88.9 +180.0 +182.1 In-Curve +18.0 +26.2 +25.7
USGS$34 $1.1 $1.1 $2.3 $1.8 $28.5 $27.9 In-Curve
USGS$35 +1.8 +4.8 +4.8 +2.7 +44.6 +57.2 In-Curve
IAEA$NO3 +1.8 +4.7 +4.7 +4.7 +17.3 +25.5 +25.6
GSI$NO3 +0.1 +1.3 +1.3 In-Curve +7.8 +14.3 +14.1
USGS$32 +88.7 +179.6 +180.8 In-Curve +18.0 +26.2 +25.7
USGS$34 $1.2 $1.2 $2.5 $1.8 $28.6 $28.0 In-Curve
USGS$35 +1.9 +5.0 +5.0 +2.7 +45.2 +57.9 In-Curve
Russell GBL NO3-N2O + N&O 11-13 10/27/2011
USGS$32 +86.7 +179.0 +180.9 In-Curve +18.8 +25.9 +25.7
USGS$34 +0.4 +2.7 +0.3 $1.8 $27.4 $27.7 In-Curve
USGS$35 +1.7 +5.5 +5.5 +2.7 +45.7 +57.1 In-Curve
IAEA$NO3 +1.6 +5.3 +5.3 +4.7 +19.0 +26.1 +25.6
GSI$NO3 $0.5 +0.9 +0.8 In-Curve +9.7 +15.3 +14.1
USGS$32 +87.4 +180.5 +182.8 In-Curve +18.5 +25.6 +25.7
USGS$34 $1.0 $0.0 $2.4 $1.8 $28.2 $28.7 In-Curve
USGS$35 +1.8 +5.6 +5.7 +2.7 +46.4 +57.9 In-Curve
IAEA$NO3 +1.4 +4.7 +4.7 +4.7 +18.9 +26.0 +25.6
GSI$NO3 $0.1 +1.7 +1.7 In-Curve +9.0 +14.5 +14.1
USGS$32 +87.4 +180.4 +182.5 In-Curve +18.6 +25.7 In-Curve
USGS$34 $1.5 $1.0 $3.7 $1.8 $27.0 $27.2 In-Curve
Russell GBL NO3-N2O + N&O 11-14 11/02/2011
USGS$32 +87.9 +180.2 +182.1 In-Curve +18.8 +25.7 +25.7
USGS$34 $0.1 +1.6 $0.9 $1.8 $27.9 $27.7 In-Curve
USGS$35 +1.4 +4.8 +4.8 +2.7 +46.6 +57.5 In-Curve
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Appendix(III(Standards(as(nitrous(oxide(analyte
Standard δ15N raw δ15N corrected δ15N memory effect δ15N accepted δ18O raw δ18O corrected δ18O accepted
ID ‰ ‰, AIR corrected ‰, AIR ‰, AIR ‰ ‰, VSMOW ‰, VSMOW
IAEA$NO3 +1.5 +4.8 +4.8 +4.7 +19.0 +25.9 +25.6
GSI$NO3 $0.3 +1.2 +1.2 In-Curve +9.4 +15.0 +14.1
USGS$32 +87.4 +179.2 +181.0 In-Curve +18.6 +25.5 +25.7
USGS$34 $0.9 $0.0 $2.6 $1.8 $28.4 $28.3 In-Curve
USGS$35 +1.4 +4.6 +4.7 +2.7 +46.6 +57.5 In-Curve
IAEA$NO3 +1.5 +4.9 +4.9 +4.7 +19.0 +25.9 +25.6
GSI$NO3 $0.2 +1.4 +1.3 In-Curve +9.0 +14.5 +14.1
USGS$32 +88.0 +180.5 +185.5 In-Curve +19.1 +26.1 +25.7
USGS$34 $0.8 +0.2 $2.4 $1.8 $27.9 $27.7 In-Curve
USGS$32 +85.7 +180.4 +21.7 +26.2 +25.7
USGS$32 +85.9 +180.9 +180.9 In-Curve +21.3 +25.7 +25.7
USGS$34 $1.0 +1.2 +1.2 $25.3 $26.5
USGS$34 $2.4 $1.5 $1.5 In-Curve $26.3 $27.6 In-Curve
USGS$35 +0.1 +3.6 +3.6 +2.7 +49.6 +57.4 In-Curve
IAEA$NO3 +0.6 +4.6 +4.6 +4.7 +21.2 +25.6 +25.6
GSI$NO3 $1.4 +0.5 +0.5 +1.3 +11.4 +14.6 +14.1
USGS$32 +85.2 +179.5 +179.6 +21.6 +26.1 +25.7
USGS$32 +85.4 +179.8 +179.8 In-Curve +21.1 +25.5 +25.7
USGS$34 $1.6 +0.1 $0.0 $25.9 $27.1
USGS$34 $2.6 $2.0 $2.0 In-Curve $26.5 $27.8 In-Curve
USGS$35 $0.1 +3.1 +3.1 +2.7 +49.7 +57.6 In-Curve
IAEA$NO3 +0.8 +4.9 +4.9 +4.7 +21.2 +25.6 +25.6
GSI$NO3 $0.9 +1.5 +1.5 +1.3 +12.0 +15.2 +14.1
USGS$32 +85.1 +179.2 +179.3 +21.3 +25.7 +25.7
USGS$32 +85.3 +179.6 +179.6 In-Curve +21.5 +25.9 +25.7
USGS$34 $2.2 $1.1 $1.2 $26.2 $27.5 In-Curve
USGS$34 $2.5 $1.8 $1.8 In-Curve $26.9 $28.3 In-Curve
Russell GBL NO3-N2O + N&O 11-16 11/28/2011
USGS$32 +87.1 +181.4 +20.5 +25.9 +25.7
USGS$32 +87.2 +181.7 +181.7 In-Curve +20.3 +25.7 +25.7
USGS$34 $2.0 $0.5 $1.8 $1.8 $27.8 $27.9 In-Curve
USGS$34 $2.7 $1.9 $1.9 In-Curve $27.8 $27.8 In-Curve
USGS$35 +0.1 +3.7 +3.8 +2.7 +49.1 +57.8 In-Curve
IAEA$NO3 +0.4 +4.3 +4.3 +4.7 +20.4 +25.8 +25.6
GSI$NO3$NO3 $1.3 +0.8 +0.8 +1.3 +11.1 +15.5 +14.1
USGS$32 +86.1 +179.3 +180.3 +20.5 +25.9 +25.7
USGS$32 +86.3 +179.7 +179.7 In-Curve +20.1 +25.5 +25.7
USGS$34 $2.0 $0.5 $1.8 $1.8 $27.6 $27.6 In-Curve
USGS$34 $2.3 $1.3 $1.3 In-Curve $28.5 $28.6 In-Curve
USGS$35 +0.6 +4.7 +4.7 +2.7 +48.6 +57.2 In-Curve
IAEA$NO3 +0.7 +4.9 +4.9 +4.7 +20.0 +25.3 +25.6
GSI$NO3 $1.2 +1.0 +1.0 +1.3 +10.5 +14.8 +14.1
USGS$32 +86.7 +180.6 +182.0 +20.4 +25.8 +25.7
USGS$32 +85.8 +178.7 +178.6 In-Curve +21.0 +26.5 +25.7
USGS$34 $2.2 $1.0 $2.2 $1.8 $27.7 $27.7 In-Curve
USGS$34 $2.8 $2.2 $2.2 In-Curve $27.7 $27.8 In-Curve
Russell GBL NO3-N2O + N&O 12-02 09/15/2012
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Appendix(III(Standards(as(nitrous(oxide(analyte
Standard δ15N raw δ15N corrected δ15N memory effect δ15N accepted δ18O raw δ18O corrected δ18O accepted
ID ‰ ‰, AIR corrected ‰, AIR ‰, AIR ‰ ‰, VSMOW ‰, VSMOW
USGS$32 +87.8 +179.7 +17.0 +25.4 +25.7
USGS$32 +87.8 +179.7 +179.7 In-Curve +16.9 +25.4 +25.7
USGS$34 $0.1 +1.4 $0.6 $1.8 $28.7 $26.9
USGS$34 $1.7 $1.8 $1.8 In-Curve $29.6 $27.9 In-Curve
USGS$35 +1.4 +4.5 +4.6 +2.7 +44.2 +56.6
USGS$35 +1.5 +4.7 +4.7 +2.7 +45.2 +57.7 In-Curve
USGS$32 +88.0 +180.1 +180.2 +17.1 +25.5 +25.7
USGS$32 +88.1 +180.3 +180.3 In-Curve +17.0 +25.5 +27.7
USGS$34 $1.4 $1.3 $3.4 $1.8 $29.4 $27.7
USGS$34 $1.7 $1.8 $1.8 In-Curve $29.5 $27.9 In-Curve
USGS$35 +1.4 +4.6 +4.6 +2.7 +44.8 +57.3 In-Curve
-Russell-GBL-NO3$N2O-+-N&O-12$04-08/28/2012
USGS$32 +83.0 +178.1 +25.2 +26.3 +25.7
USGS$32 +83.7 +179.6 +179.6 In-Curve +24.9 +26.0 +25.7
USGS$34 $4.9 $1.0 $2.2 $1.8 $25.4 $27.0
USGS$34 $5.1 $1.4 $1.4 In-Curve $26.3 $27.9 In-Curve
USGS$35 $2.1 +4.7 +4.8 +2.7 +55.5 +58.3 In-Curve
IAEA$NO3 $2.3 +4.4 +4.4 +4.7 +25.4 +26.6 +25.6
GSI$NO3 $3.7 +1.6 +1.6 +1.3 +13.8 +14.3 +14.1
USGS$32 +83.6 +179.2 +180.6 +24.1 +25.2 +25.7
USGS$32 +84.1 +180.4 +180.4 In-Curve +24.1 +25.2 +25.7
USGS$34 $5.2 $1.6 $2.9 $1.8 $26.3 $27.9
USGS$34 $5.5 $2.2 $2.2 In-Curve $26.3 $27.9 In-Curve
USGS$35 $1.9 +5.1 +5.2 +2.7 +54.0 +56.7 In-Curve
IAEA$NO3 $1.9 +5.3 +5.3 +4.7 +24.1 +25.2 +25.6
GSI$NO3 $3.6 +1.7 +1.7 +1.3 +13.8 +14.3 +14.1
Russell(GBL(NO3;N2O(+(N&O(12;05(10/04/2012
USGS$32 +85.7 +179.6 +20.9 +25.7 +25.7
USGS$32 +86.2 +180.6 +180.6 In-Curve +20.9 +25.7 +25.7
USGS$34 $2.8 $0.7 $1.2 $26.7 $26.9
USGS$34 $3.3 $1.6 $1.6 In-Curve $27.8 $28.1
USGS$35 +0.4 +5.7 +5.8 +49.0 +56.7
IAEA$NO3 +0.0 +5.1 +5.1 +4.7 +20.6 +25.4 +25.6
GSI$NO3 $2.0 +0.9 +0.9 +1.3 +11.5 +15.3 +14.1
GSI$NO3 $2.4 +0.1 +0.1 +1.3 +10.8 +14.5 +14.1
USGS$32 +85.2 +178.5 +179.0 +22.2 +27.1 +25.7
USGS$32 +85.6 +179.4 +179.4 In-Curve +22.0 +26.9 +25.7
USGS$34 $3.4 $1.9 $2.5 $26.9 $27.1
USGS$34 $3.4 $2.0 $2.0 In-Curve $27.5 $27.7
USGS$35 $0.1 +4.7 +4.8 +50.4 +58.3
IAEA$NO3 $0.2 +4.7 +4.7 +4.7 +21.0 +25.8 +25.6
Russell(GBL(NO3;N2O(+(N&O(12;06(10/18/2012
USGS$32 +82.3 +180.0 +22.0 +26.0 +25.7
USGS$32 +83.4 +182.4 +182.4 +22.0 +26.0 +25.7
USGS$34 $3.1 +0.9 $1.3 $26.4 $27.5
USGS$34 $4.5 $2.0 $2.0 $27.4 $28.6
USGS$35 $1.6 +3.9 +4.0 +2.7 +50.2 +57.2
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Appendix(III(Standards(as(nitrous(oxide(analyte
Standard δ15N raw δ15N corrected δ15N memory effect δ15N accepted δ18O raw δ18O corrected δ18O accepted
ID ‰ ‰, AIR corrected ‰, AIR ‰, AIR ‰ ‰, VSMOW ‰, VSMOW
IAEA$NO3 $1.3 +4.6 +4.6 +4.7 +22.1 +26.2 +25.6
GSI$NO3 $3.3 +0.4 +0.4 +1.3 +11.9 +14.9 +14.1
GSI$NO3 $3.4 +0.2 +0.1 +1.3 +11.8 +14.8 +14.1
USGS$32 +79.5 +174.2 +176.6 +24.4 +28.7 +25.7
USGS$32 +81.1 +177.6 +177.6 +24.2 +28.4 +25.7
USGS$34 $3.9 $0.8 $2.6 $26.1 $27.2
USGS$34 $4.3 $1.6 $1.6 $27.1 $28.3
USGS$35 $1.4 +4.4 +4.5 +50.7 +57.8
IAEA$NO3 $1.1 +5.2 +5.2 +4.7 +21.8 +25.8 +25.6
Russell(GBL(NO3;N2O(+(N&O(12;07(10/25/2012
USGS$32 +84.4 +178.4 +21.8 +25.1 +25.7
USGS$32 +85.5 +180.7 +180.7 +21.4 +24.6 +25.7
USGS$34 $1.5 +3.1 $0.6 $25.9 $26.3
USGS$34 $3.9 $1.8 $1.9 $27.5 $28.0 In-Curve
USGS$35 $0.4 +5.4 +5.5 +2.7 +48.3 +53.6 +57.5
IAEA$NO3 $0.9 +4.3 +4.3 +4.7 +22.7 +26.0 +25.6
GSI$NO3 $2.4 +1.3 +1.3 +1.3 +11.2 +13.7 In-Curve
GSI$NO3 $2.9 +0.3 +0.0 +1.3 +12.0 +14.6 In-Curve
USGS$32 +84.3 +178.1 +181.6 +21.7 +25.0 +25.7
USGS$32 +84.9 +179.3 +179.4 +22.9 +26.3 +25.7
USGS$34 $3.1 $0.2 $3.4 $27.0 $27.4 In-Curve
USGS$34 $3.9 $1.8 $1.9 $27.3 $27.8 In-Curve
USGS$35 $0.7 +4.7 +4.9 +2.7 +50.4 +55.9 +57.5
IAEA$NO3 $0.5 +5.1 +5.1 +4.7 +21.6 +24.9 +25.6
Russell(GBL(NO3;N2O(+(N&O(12;08(11/08/2012
USGS$32 +86.3 +180.4 +19.6 +25.7 +25.7
USGS$32 +86.6 +181.0 +181.0 In-Curve +19.9 +25.9 +25.7
USGS$34 $2.6 $0.7 $1.9 $29.0 $27.6 In-Curve
USGS$34 $2.9 $1.3 $1.3 In-Curve $29.0 $27.7 In-Curve
USGS$35 +0.1 +4.9 +4.9 +2.7 +48.4 +57.2 In-Curve
GSI$NO3 $1.9 +0.8 +0.8 +1.3 +9.1 +14.1 +14.1
GSI$NO3 $1.9 +0.6 +0.6 +1.3 +10.1 +15.2 +14.1
USGS$32 +85.6 +179.0 +180.7 In-Curve +19.9 +26.0 +25.7
USGS$32 +85.8 +179.5 +179.5 In-Curve +19.5 +25.5 +25.7
USGS$34 $3.1 $1.7 $2.9 In-Curve $29.6 $28.3
USGS$34 $3.4 $2.3 $2.3 In-Curve $29.2 $27.9
USGS$35 +0.3 +5.1 +5.2 +2.7 +48.9 +57.8
IAEA$NO3 +0.3 +5.1 +5.1 +4.7 +19.8 +25.8 +25.6
Russell(GBL(NO3;N2O(+(N&O(12;09(11/15/2012
USGS$32 +87.9 +180.1 +19.0 +25.7 +25.7
USGS$32 +87.9 +180.2 +180.2 In-Curve +19.2 +25.9 +25.7
USGS$34 $1.5 $0.8 $1.5 $28.6 $27.8 In-Curve
USGS$34 $2.0 $1.8 $1.8 In-Curve $28.8 $28.0 In-Curve
USGS$35 +1.3 +4.8 +4.9 +2.7 +47.2 +57.3 In-Curve
IAEA$NO3 +1.3 +4.7 +4.7 +4.7 +19.2 +25.9 +25.6
GSI$NO3 $0.8 +0.6 +0.5 +1.3 +9.2 +14.7 +14.1
GSI$NO3 $0.9 +0.4 +0.4 +1.3 +9.0 +14.5 +14.1
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Appendix(III(Standards(as(nitrous(oxide(analyte
Standard δ15N raw δ15N corrected δ15N memory effect δ15N accepted δ18O raw δ18O corrected δ18O accepted
ID ‰ ‰, AIR corrected ‰, AIR ‰, AIR ‰ ‰, VSMOW ‰, VSMOW
USGS$32 +87.7 +179.9 +181.9 +19.2 +25.9 +25.7
USGS$32 +87.7 +179.8 +179.8 In-Curve +19.6 +26.3 +25.7
USGS$34 $1.8 $1.5 $2.2 $28.7 $27.9 In-Curve
USGS$34 $2.0 $1.8 $1.8 In-Curve $28.7 $27.9 In-Curve
USGS$35 +1.4 +4.9 +5.0 +2.7 +47.6 +57.7 In-Curve
IAEA$NO3 +1.0 +4.2 +4.2 +4.7 +19.6 +26.3 +25.6
Russell(GBL(NO3;N2O(+(N&O(12;10(11/29/2012
USGS$32 +80.7 +175.1 +23.9 +24.2 +25.7
USGS$32 +83.2 +180.2 +180.2 In-Curve +25.5 +25.9 +25.7
USGS$34 $5.3 $0.7 $1.7 $25.4 $28.5 In-Curve
USGS$34 $5.7 $1.6 $1.6 In-Curve $25.1 $28.2 In-Curve
USGS$35 $1.7 +6.5 +6.6 +2.7 +54.2 +56.5 In-Curve
IAEA$NO3 $2.5 +4.9 +4.9 +4.7 +25.6 +26.0 +25.6
GSI$NO3 $4.0 +1.8 +1.8 +1.3 +14.7 +14.4 +14.1
GSI$NO3 $4.4 +1.0 +0.9 +1.3 +16.3 +16.1 +14.1
USGS$32 +83.0 +179.8 +184.0 In-Curve +25.7 +26.1 +25.7
USGS$34 $5.9 $2.0 $2.0 In-Curve $24.1 $27.1 In-Curve
USGS$35 $2.3 +5.3 +5.3 +2.7 +56.0 +58.5 In-Curve
IAEA$NO3 $2.9 +4.2 +4.2 +4.7 +26.4 +26.8 +25.6
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Appendix V 
 
 
A Protocol For Converting NO3-(Aq) To N2O(Aq) For Isotope Ratio Mass 
Spectrometry 
 
This following protocol outlines the bench top chemistry and methodology required 
to convert dissolved nitrate into dissolved nitrous oxide in preparation for IRMS.  
Appendix V is separated into sections: Solution preparation, nitrate-nitrite reduction and 
nitrite-nitrous oxide reduction.  
 
Disclaimer: The MSDS of all chemicals used in this preparation should be consulted 
in detail prior to commencing this work.  In addition, Occupational Health and Safety 
should be consulted.  Key hazards that should be noted are the extreme reactivity of 
sodium azide in powder and solution form, the strong acids utilized throughout and the 
heavy metal properties of cadmium.  Example calculations have been provided.  Prior to 
preparing any solution, these calculations should be performed by a competent 
individual. 
 
The chemical procedure for analyzing nitrate for δ18O and δ15N values involves two 
main steps followed by IRMS: 
1) Nitrate => Nitrite conversion (using activated cadmium) 
2) Nitrite => N2O conversion (using 1:1 solution of sodium azide and acetic acid) 
3) N2O spectrometric analysis 
 
1) Nitrate ! Nitrite Reduction 
a) Cadmium activation 
CuSO4 + CdO ! CuO+ Cd0 +H2SO4 
 
b) Nitrate conversion 
NO3- + Cd0 ! NO2- + Cd+ 
** It is imperative that the pH is 8.5 (HCl) and the solution is 0.5 M NaCl to make the 
reaction proceed quickly 
 
2) Nitrite ! Nitrous oxide reduction 
Overall reaction 
NO2-(aq)+ NaN3(aq)+ CH3COOH(aq)+ OH ! N2O(g)+ N2(g) + CH3COONa(aq) + H2O 
 
Remove excess N3 and stop reaction 
N3 + NaOH ! NaN3 + OH-  
Process: 
a. Inject NaN3 + CH3COOH solution.  
b. Allow samples to equilibrate for 30 minutes at 30°C 
c. Inject NaOH to arrest the reaction.  
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3) Isotope ratio mass spectrometry (IRMS) of N2O 
See chapter 2 of this volume for details. 
 
1.1 SOLUTION PREPARATION 
 
The preparation of all necessary solutions can begin days to weeks prior to preparing 
samples and standards for IRMS.    
 
2% CuSO4 by weight 
To make 250 mL of 2% CuSO4 weigh out 5g of CuSO4 and dilute up to 250 mL in a 
beaker. 
 
0.5 M NaCl solution 
Salt solution preparation can be performed in bulk and is often ideal since the δ18OH2O 
of the solution water will not change.  At minimum, approximately 4L of NaCl 
solution is necessary for a ~30 sample analytical session.   
To make 15 L batches: 
NaCl – Regular ACS grade is sufficient 
The molecular weight of NaCl is 58.44 g/mol 
Bake the NaCl to 450 °C for 4 hours and allow the salt cool in a desiccator (so 
doesn’t absorb atmospheric H2O).  This step is key since it thermally decomposes any 
trace nitrate or nitrite from the salt. 
For a 0.5 M solution of NaCl: 
(58.44 g/mol)*0.5 M*15L= 438.3 g 
Take 438.3 g of NaCl and decant into 0.5 L of DDIW.  Pour this mixture into a >15 L 
jug and add water to 15 L mark being certain to decant all of the salt into a larger 
container.  In practice the volume can be 15 L ± 100 mL.  DDIW or Millipore Q® 
water is absolutely essential otherwise elevated “blank” nitrate or nitrite or 
ammonium could contaminate every sample, standard and blank. 
 
NaOH 
Molecular weight 40.00 g/mol 
Make 100 mL batches with DDIW 
To make 6 M solutions: 
40.00 g/mol*6 M*0.1L 
Weight 24 g into 100 mL.  This solution has an indefinite lifetime. 
 
0.5 M HCl 
Molecular weight 36.5 g/mol 
HCl stock solution is purchased with a concentration of 36.9-37.3 % or almost 12 M 
HCl.  We want 0.5 M HCl so we divide by ~24. 
Example:   
If a stock solution has a concentration of 37 % the following calculation is used to 
determine the molarity. 
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37 g HCl in 100 g of solution 
100 g(sol’n)/1.18 g/ml(density) = 84.7 mL 
(37 g * 100 mL)/84.7 mL 
= (436.8 g/L) 
(436.8g/L)/36.5 g/mol 
= 11.96 M 
 
To prepare 500 mL of 0.5 M: 
36.5 g/mol * 0.5 M = 18.25 g/L 
Therefore 18.25 g/L of 100 % HCl is necessary to get 0.5 M HCL  
However stock solution has a concentration of 37.2 %: 
(100 %/37.2 %) * 18.25 g/L = 49.06 g/L by weight 
or (49.06 g/L)/1.188 (density) = 41.3 mL HCl at 37.2 % 
 
To make 0.5 L of 0.5 M HCl: add 41.3 mL of 37% HCl to 250 mL water and then top 
up water to 500 mL.  **Never add water to acid always acid to water** This solution 
has an indefinite lifetime. 
 
2 M Azide (NaN3) solution 
Molecular weight 65 g/L 
To prepare 15 mL (30 mL reagent of 1:1 solution of azide and acetic acid required for 
experiment) 
65 g/L *2 
= 130 g/L (2 M solution) 
For 15 mL 
(1000 mL/15 mL) * 130 g/L = 1.95 g NaN3 
Weigh out 1.95g of NaN3 and dilute to 15 mL with DDIW.  Avoid all contact with 
the NaN3 powder and solution.  In addition, the solution should not contact any 
metals aside from stainless steel.  This solution should be prepared on the day of use. 
 
20 % Acetic acid 
Stock solution of acetic acid is generally 96 %. 
We require a 1:1 by volume ratio of acetic acid reagent with NaN3. 
(96 %)/20 % = 4.8 times diluted 
We require 15 mL of solution: 
(15 mL)/4.8 = 3.12 mL 
Take 3.12 mL of 96 % solution and dilute to15 mL with DDIW. 
 
As a check to see if we are correct: 
(3.12 mL * 96 %)/15 mL = 19.96 % 
This solution should be prepared on the day of use. 
 
20 µM sodium nitrite stock solution for NO3- => NO2-2 check on photospectrometer 
Molecular weight 13.8 g/L or 1380 mg/L 
C1V1 = C2V2 
 (1380 mg/L * 50 mL)/1000 mL 
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= 69 mg 
Dissolve 69 mg of NaNO2 in DDIW until have a volume of 50 mL giving a solution 
of 20 mM.  This solution should be prepared on the day of use. 
 
20 µM sodium nitrite solution (w 0.5 M NaCl) 
Take 50 µL of 20 mM solution and dilute with 50 mL of 0.5 M NaCl.  This recipe 
makes 20 µM of NO2-2 solution. 
Or: Take 1 mL of 20 mM solution and dilute into 1L of 0.5 M NaCl.  This will also 
make a 20 µM solution of NO2-2.  This solution should be prepared on the day of use. 
 
200 µM potassium nitrate solution **Including all KNO3 standards** 
Molecular weight = 101.1 g/mol 
Make a 1 L stock solution that must be stored in a fridge. 
101.1 µg/µmol * 200 µΜ = 20220 µg/L or 20.22 mg/L 
Dissolve 20.22 mg of KNO3 in DDIW until have a volume of 1L giving a solution of 
200 µM.  This is 12.4 ppm NO3. 
For analysis 4 ml or this stock solution is diluted by 36 mL of 0.5 M NaCl solution 
making 40 mL of 20 µM NO3 or 1.24 ppm.  This solution has an indefinite lifetime so 
long as it is frozen. 
 
1 M imidazole preparation 
C3H4N2 
Molecular weight = 68.08 g/mol 
We require 250 mL of 1 M imidazole solution. 
68.08/4 = 17.02 g. (divide by 4 b/c we require only 250 mL or solution) 
Dissolve 17.02 g of imidazole in 250 mL of DDIW to make 1 M C3H4N2 solution.  
This solution should be prepared on the day of use. 
 
Sulfanilamide preparation 
C6H8N2O2S 
Molecular weight = 172 g/mol 
Prepare the day of the run. 
Prepare: 5 mL HCl + 40 mL DDIW 
Add 0.5 g sulfanilamide 
Dilute solution with DDIW until 50 mL. 
((0.5 g)/172 g/mol)/0.4 L = 0.00727 M or 7.27 mM 
This solution should be prepared on the day of use. 
 
N-(1-naphthyl) ethylenediamine (NED) 
C12H14N2 
Weigh out 50 mg NED – Dissolve until final solution is 50 mL with Millipore Q 
water. 
This solution should be prepared on the day of use. 
 
1.2 NITRATE-NITRITE REDUCTION 
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Sample Dilution 
All samples and standards much have a starting concentration of 0.5 M NaCl and are 
diluted to an initial concentration of ≤20 µM NO3-.  The standards can be prepared at 
high concentrations and can therefore be added to stock 0.5 M NaCl without significant 
altering the salt concentration.  For samples < 20 µM NO3-, sufficient salt must be added 
to attain 0.5 M NaCl in 40 mL of solution.  All samples and standards are prepared in 
individual 50 mL disposable centrifuge tubes.  40 mL is necessary.  In addition, sufficient 
blanks containing 40 mL of 0.5 M NaCl solution must be prepared as intermediaries 
between every sample. 
The first step for analysis is to set the pH of all standards, samples and blanks to 8.5 ± 
0.05.  The pH meter must be calibrated with buffers of pH 7 and 10 using a probe that 
does not exhibit drift in solutions with elevated ion concentrations.  Clean the electrode 
of the pH meter between samples in distilled water in order to not cross-contaminate the 
samples.  Although the goal is to set the pH of the samples to 8.5 we will first decrease 
them all to a pH of 2-3 by adding a drop of 0.5 M HCl in each.  Check the pH of each.  
Actual samples will vary because of dissolved inorganic carbon but the blanks will 
require 1 drop to attain a pH of 3. 
To increase the pH of the standards, samples and blanks to 8.5, use 1 M imidazole 
solution.  Count the number of drops required to attain a pH of 8.5 and duplicate for the 
remainder but continue to confirm the results.  In the case that you add too much 
imidazole, add some HCl and slowly increase the pH again. 
Required materials: 
• 1-5 mL pipette 
• 200-1000 µL pipette 
• Disposable plastic pipettes 
• pH meter 
• DDIW water  
• Disposable centrifuge tubes (with volume lines) and tray 
• 0.5 M NaCl solution 
• HCl 
• Imidazole 
 
Some sample concentration scenarios: 
We wish to attain 1.24 ppm or 20 µM with 0.5 M NaCl 
1) 70 ppm NO3- 
C1V1 = C2V2 
70 ppm * x mL = 1.24ppm * 40 mL 
x = 0.71 mL 
Dilute 0.71 mL with 0.5 M NaCl solution until 40 mL 
2) 1 ppm NO3 (<1.24 ppm) 
Fill vial with 40 mL of solution and add NaCl solid until 0.5 M 
Molecular weight NaCl = 58.44 g/mol 
58.22/2 = 29.22 g/L 
(29.22 *40 mL)/1000 mL = 1.17 g NaCl solid to add to the sample 
 
Converting ppm to µM 
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1.24 ppm as NO3- = 20 µM for NO3- = 0.28 ppm as N 
or 
1 µM for NO3- = 1*62.0049/1000 ppm as NO3- = 1*14.0067/1000 ppm as N 
 
Cadmium reduction column construction: 
Use tygon I.D. 3 mm, O.D. 5 mm, 1 mm wall diameter. 
Cd column is ~10 cm long.  Flow rate of ~5 mL/ minute. 
 
To load cadmium into the column stuff one end with foam sponge (using a wire).  Fill 
with Cadmium (wearing gloves) and plug the other end with the sponge. For timesaving, 
two columns can be utilized individually but care must be taken to compare the standard 
results form each column.  Make connections with smaller diameter tygon and use a hard 
large diameter tube as a sheath to clamp onto the cadmium column.  The flow rate should 
be confirmed (over a 30 second period the volume eluted should be between 2.5-3 mL). 
 
Activate the cadmium column with 2% copper sulfate 
• Rinse the outer surface of both tubes with a blank. 
• Transfer 25 mL of blank through each column. 
• Transfer 25 mL of 0.5 M HCl through the column and clean the outer surface that 
was immersed in HCl with blank. 
• Rinse the column with blank (should require ~ 10 mL) and test the pH of the 
effluent to check that the HCl has been flushed. 
• Flush the column with 2% by weight copper sulfate solution.  Run 22 mL of the 
CuSO4 solution through the column (it will begin going red). 
• Flip the column around or reverse the flow the other way and run the remaining 
CuSO4 solution through the column in order to fully activate the column.  Take 
care to not allow any air in to the column at any time, if exposure to air occurs, the 
column must be reactivated. 
• Flush the line with 15 mL of blank (40 to 25 mL mark) and check that the pH of the 
sample coming out is 8.5. 
• Begin pumping samples through the cadmium column.  Consider the first 10-15 mL 
of effluent waste (contaminated from previous sample or diluted by blanks).  
Collect the remaining 20 mL of sample (should get ~20 mL) and take care to not let 
any air in the lines. 
• Once the samples have been flushed through the cadmium column, the nitrate has 
been reduced to nitrite and will begin to degrade.  The samples can be stored in a 
fridge or frozen to temporarily slow down the degradation but should be converted 
to nitrous oxide and analyzed within the proceeding 12-24 hours.   
 
Required Materials 
• Tygon tubing 
• Sponge 
• Granular Cadmium 
• Peristaltic pump 
• Sample tubes to collect sample effluent 
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• Beaker for waste 
• CuSO4 solution 
• 0.5 M HCl 
• pH 1-14 litmus paper 
• Retort stand 
 
Sample concentrations 
• Pour 5 mL of the sample effluent just passed through the Cd column into a 14 mL 
vial.  
• Add 1 mL of sulfanilamide and 1 mL of NED and the sample will turn a hue of 
purple. 
• Prepare a suite of nitrite-bearing standards of varying concentration in order to 
generate a calibration curve of nitrite concentration.  Smaller samples can be 
prepared by altering the relative proportions of sulfanilamide and NED. 
 
Spectrophotometry 
To measure the efficiency of the nitrate-nitrite conversions we must build a 
calibration curve for the spectrophotometer.  To do this we will prepare solutions in 15 
mL vials of variable concentrations of NO2-.  We have found that the ideal wavelength 
for spectrophotometry is 543 nm but this value can be adjusted. 
 
Follow this example to generate a 5 mL spectrophotometer calibration solution set: 
Standard volume (20 µM NO2-; mL) added 0 0.5 1 2 3 4 5 
Blank volume (0.5 M NaCl; mL) added 5 4.5 4.0 3.0 2.0 1.0 0 
Resulting concentration NO2 in µM 0 2.0 4.0 8.0 12.0 16.0 20.0 
Example absorbance on spectrophotometer 3 85 160 340 473 630 760 
 
Measure these solutions as well as 5 mL of solution from each of your samples to 
determine yields of conversion. 
Examples of yields (yield is calculated as: (sample abs)/(20 µMNO2- standard absorbance) 
Sample Absorbance Yield (%) 
Standard 720 94 
1 760 100 
2 650 85 
3 730 96 
4 710 93 
Standard 770 101 
 
** 85% on sample #2 is a little low but the samples before and after had good yields, 
this may result from spectrophotometer instability, inaccurate determination of the initial 
sample concentration, or an error in sample preparation. 
In general, column efficiency will normally be >95% at 20 µM NO2- as determined 
from repeated analyses of standards that have been reduced in the cadmium column.  
Care should be taken to not reduce highly concentrated samples because the reduction 
efficiently may decrease and subsequent samples may become contaminated if the 
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concentration is sufficiently elevated.  In general, any sample with a concentration >25 
µM NO2- after the cadmium column, should be prepared again. 
 
1.3 NITRITE-NITROUS OXIDE REDUCTION 
The actual quantity of sample decanted into a headspace vial can be varied depending 
on the vial volume and desired IRMS signal intensity.  The proportion of injected 
solutions need not change so long as all standards and samples are treated equally. In the 
LSIS setup, 0.06 µmols of nitrite are sufficient for IRMS (this quantity is equivalent to 3 
mL of 20 µM NO2- after cadmium reduction).  All samples are diluted (or not depending 
on the concentration) to a final volume of 7.5 mL in the LSIS setup.  The final volume is 
set such that the solution can be sparged by helium and yet does not penetrate the inlet of 
the headspace needle during IRMS (see Chapter 2). 
 
 
Preparation of 1:1 by volume solution of acetic acid and azide 
Perform all of the following steps in the fume hood with gloves on! 
• Pour out 15 mL of 20 % acetic acid into a disposable centrifuge tube. 
• Weigh out 1.95 g of NaN3 and dilute to 15 mL with DDIW.  With care, the power 
may be weighed outside of the fume hood. 
• Mix the two liquids into a septa lined cap headspace vial (pour the acetic acid into 
the azide) and seal.  Label this vial as hazardous! Mix the liquids well. 
• Sparge the reagent headspace vial with helium at 5-10 mL/minute for 30 minutes. 
• Draw out 0.8 mL of the reagent using a syringe. 
• Inject the mixture into one of the sample vials.  Do not allow the needle to touch 
the liquid as you may cross contaminate the samples. 
• Repeat for all samples, once completed mix the liquid contained in the vials and 
place all of the vials in a 30 °C bath for 30 minutes. 
 
The 1:1 azide and acetic acid solution is hazardous and unstable (in particular, contact 
with any metals other that stainless steel can be detrimental).  Always use gloves and 
work in a fume hood.  Contact of this solution with some metals can be explosive and 
hydrazoic acid (HN3) fumes are toxic. 
 
• Using a new needle and syringe, inject 0.3 mL of 6 M NaOH into each vial.   
• If there is any white suspension in the vials this is because of the formation of 
Ca(OH)2.  To be sure this suspension does not contaminate the gasbanch you must 
centrifuge the samples at 2000-4000 RPM for 10 minutes or allow the suspension 
to settle over time. 
• Measurement by IRMS can now commence. 
 
Required Materials 
• Acetic Acid (20 %) 
• Azide Power 
• NaOH solution in a gasbench vial 
• DDIW (for azide) 
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• Gasbench vials or preferably a larger sealed glass vacutainer for the mixed 
solution (the normal vials are not large enough for 30 mL). 
• 1 mL syringe 
• Water bath at 30 °C 
• Centrifuge 2000 RPM 
 
Notes: 
If there is organic matter in the samples you must: 
• Filter the sample using a 0.45 micron sieve prior to using this method. 
• Use a brush to clean the vials and use a scrub brush. 
 
To clean the gasbench vials: 
• Use soap and brush with tap water. 
• Rinse with DIW 
• Put the vials in an oven and ramp to 450 °C.  Allow them to bake out in the oven 
for ½ hour and then allow them to cool. 
• The vials can then be stored in a box. 
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